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Acenes and their derivatives have attracted considerable attention because of their 
potential applications in the electronic industry. Theoretical calculations have also 
predicted the possible formation of interesting diradicals and properties such as 
ferromagnetism and superconductivity in those acenes of sufficient length. Exciting 
progress in the synthesis and semiconductor application has been made in the last two 
decades, which help to establish the structure-property relationships. Up to now, among 
all the modifications on acenes for the enhanced stability and electron transport property, 
peri-substitution by various electron-withdrawing groups or bulky groups is the one most 
widely studied. Furthermore, the progress of n-type acenes is, in general, lagging behind 
that of p-type acenes. Solution-processable molecules for semiconducting materials are 
also less developed. Thus, we aim in the present work to develop (i) new soluble acenes, 
(ii) stable longer acenes and (iii) n-type acenes.  
In this thesis, the strategies of introducing N-atoms and fusion with five-membered 
ring have been adopted to stabilize longer acenes or lower the LUMO energy level for 
potential electronics applications. Solubility has been enhanced for highly conjugated 
compounds through the appropriate substitution by flexible chain or aggregation-
suppressing bulky groups. All newly synthesized compounds were structurally verified by 
standard characterization techniques.  
The successful synthesis of large-size linear and star-shaped dihydropyrazine fused 
pyrazinacenes is presented in Chapter 2. The new aza-tripentacene represents the largest 
hexaazatriphenylene based starphene reported so far. These N-heteoacenes show good 
solubility in common solvents and strong tendency to form aggregates in both solution 
and solid state. A series of stable and soluble acenaphthopyrazine derivatives, prepared by 
x 
 
the use of acenaphthylenequinones, to simultaneously incorporate a pyrazine unit and a 
five-membered ring are described in Chapter 3. N-channel FET activity was observed for 
the solution-cast films. The first successful synthesis of dialkylated acenaphthylene-
quinone is also highlighted. A new isomer of emeraldicene is highlighted in Chapter 4. Its 
extended derivative, based on tetracene, has also been obtained with an enhanced stability, 
indicating a possibility of the persistent longer acenes fused with five-membered rings. 
These new emeraldicene derivatives possess a narrow band gap and the lower LUMO 
energy level, suggesting considerable potential in the ambipolar application. The 
synthesis of the high order acene, nonacene, through the approach of fusion with five-
membered rings, was therefore attempted. This synthetic work is quite challenging, and 
we believe it may open a new approach to the stable large π-system if this synthetic route 
is successful.  
This research has contributed to the general area of acene chemistry and the design of 
novel organic semiconducting materials. Thorough device fabrication and 
characterization are underway in our laboratories.  
Key Words: acene, N-heteroacene, pyrazinacene, emeraldicene, organic semiconductor 
xi 
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Acene is a family of linearly fused aromatic hydrocarbons (see Chart 1.1); this 
concept was brought forward by Clar in 1939.1 Benzene (n = 1), the simplest acene, was 
first discovered by Faraday in 1827.2 Longer acenes are more valuable because 
theoretical calculations have predicted the possible formation of interesting diradicals and 
properties such as ferromagnetism and superconductivity in those acenes with sufficient 
length.3 More importantly, acenes and their derivatives have been applied as 
semiconducting materials for organic electronic devices owing to their fluid π-conjugated 
systems, which are ready for charge injection and electron hopping between neighbouring 
molecules.3a,4 These current and potential values have attracted much attention for acenes. 
 
Chart 1.1 Acene. 
Short acenes (n < 4) can be extracted from natural coal or petroleum;2,4b while the 
preparation of longer acenes must be relied on multi-step syntheses. During the last two 
decades, many acenes and their derivatives were synthesized and their corresponding 
structure-property relationships studied. Since the year 2005, longer and longer acenes 
have been successively achieved and different synthetic strategies developed.3a,4,5,6,7 
Several groups (including Wudl,3a Anthony,4 Bunz8 and Chi’s groups7) are driving the 
research of acene chemistry and materials for organic electronics. In the following 
sections, representative acenes and their significant derivatives are briefly introduced. 
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1.1.1 Progress of Acene Chemistry 
Naphthalene (n = 2) and anthracene (n = 3) were suggested to exhibit high charge 
carrier mobilities by using the time of flight method; but only anthracene had field-effect 
transistor (FET) activity (0.02 cm2V-1S-1) at a low temperature.9 
Tetracene (1-1 in Chart 1.2, n = 4) exhibits a field-effect hole mobility (0.1 cm2V-1S-1 
from deposited film, 2.4 cm2V-1S-1 from single crystal).10 The 5,6,11,12-tetra-substituted 
derivative, rubrene (1-2), showed a very good performance in the form of a single crystal 
transistor owning to its two-dimensional packing. However, the mobility of its thin film 
was quite low due to the poor planarity which hindered the formation of a crystalline 
film.11 Halogenations of tetracene were found play an important role in adjusting the 
intermolecular packing mode (from herringbone to a slipped cofacial array) with a leap of 














Chart 1.2 Tetracene and its peri-substituted derivatives. 
Pentacene (n = 5) itself is a good p-type semiconducting material with a high hole 
mobility up to 5.0 cm2V-1S-1 in the form of polycrystalline film, and even up to 35 cm2V-
1S-1 as a single crystal transistor.13 Thus, pentacene has become a star molecule in both 
acene chemistry research and new organic electronic devices. To overcome the poor 
stability in solution, several stable precursors of pentacene were developed (see 1-5a to 1-
5c in Chart 1.3). These precursors can undergo a simple elimination (retro Diels-Alder 
reaction) in the film state to “in situ” form high quality pentacene films for organic field-
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effect transistors (OFETs).14 Furthermore, a great deal of research work on pentacene 
derivatives have been conducted to optimize the solubility, stability, and intermolecular 
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Chart 1.4 2,9-Dimethylated pentacene and silylethynylated pentacenes. 
Nearly all the end-substitutions on pentacene have resulted in low mobilities15 except 
for 2,9-dimethylated pentacene (see 1-6 in Chart 1.4, 2.0 cm2V-1S-1),16 but with a lower 
environmental stability. A strategy of 6,13-disubstitution by silylethynyl groups has also 
been successfully applied to designing pentacene derivatives, which was first studied by 
Anthony.17 This approach has three advantages: (i) increased solubility for easier 
processing; (ii) favored cofacial intermolecular packing;17 and (iii) improved stability to 
air and light (the most reactive sites are blocked).18 For example, molecules 1-7a and 1-
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7b showed high hole mobilities of 1.8 and 2.5 cm2V-1S-1 respectively, measured from 
solution-processed crystalline films.19  
Hexacene (n = 6) and heptacene (n = 7) were previously prepared by Clar and 
Marschalk.20 These papers were later found to be flawed because what they obtained were 
just the products from the decomposition of hexacene and heptacene. Neckers and 
Bettinger applied the “retro Diels-Alder” strategy, which was used to prepare pentacene 
films, to “in situ” synthesize the higher order acenes in a polymer matrix (see Scheme 




n = 1, hexacene,  1-8
n = 2, heptacene, 1-91-10  
Scheme 1.1 Neckers’s synthesis of hexacene and heptacene. 
It is a challenge to synthesize stable long acenes (n > 5). Since 2005, several exciting 
milestones have been achieved (see structures in Charts 1.5 and 1.6). The synthetic routes 
for longer acene frameworks mainly include “center to sides” and “sides to center” (see 
Scheme 1.2); and they are stabilized by different peri-substitutes. Anthony’s group first 
reported the silylethynylated hexacene 1-11 and heptacene 1-12 in 2005.22 The two 
molecules decomposed in a few hours when exposed to air and light but their crystals 
were quite stable. Three years later, Wudl’s group reported a silylethynylated heptacene 
with additional phenyl groups at the 5,9,14,18-position (1-13) to afford a higher 
stability.23 Soon after that, Chi’s group reported a stable heptacene derivative 1-14 with 
four electron-withdrawing trifluoromethyl phenyl groups through a different synthetic 
route.7b 1-14 is the most stable peri-substituted heptacene reported so far. Miller’s group 
found that thioaryl substituents made an acene especially resistant to photooxidation by 
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effectively converting an open-shell singlet diradical into a closed-shell system; this led to 































































Chart 1.5 Peri-substituted hexacene and heptacenes. 
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Based on the success of heptacene 1-15, thioaryl substituted nonacene 1-16 (see 
Chart 1.6) was soon developed.25 Although its life time in solution was only two hours, 1-
16 was the first reported persistent nonacene derivative. Anthony’s group later reported a 
series of silylethynylation- and fluorination-stabilized nonacenes 1-17 which were 
characterized by the single crystal X-ray diffraction.26 At the same time, Chi’s group was 
also developing a stabilized nonacene 1-18.27 The molecular structure was characterized 
by the MALDI-TOF mass and UV-vis absorption spectra; but the single crystal and NMR 
spectrum were not available because of the poor solubility in the solid state due to the 


























R = iso-propyl, iso-butyl, or cyclopentyl
 





1.1.2 n-Type Acenes 
Acene, as a semiconductor, shows both hole or electron transport properties. In a 
working OFET, the LUMO and HOMO levels are tuned by an electric field initiated by 
the gate voltage to realize the switch between on / off states.28 According to Figure 1.1, if 
an electrode with suitable work function ( ) is available, any organic semiconductor can 
be both p-type and n-type. For example, pentacene is ambipolar under certain 
conditions.29 However, the choice of electrodes is quite limited considering their 
stabilities under ambient conditions. LUMO or HOMO energy level of a semiconductor 
molecule is therefore required to match the   range of normal electrodes. 
                              
Figure 1.1 (a) Idealized energy level diagram of an OFET at VG = 0 and VD = 0. (b-e) 
demonstrate the principle of FET operation for the case of (b) electron accumulation and 




To match the work function of normal electrodes, the HOMO energy level of a 
semiconductor molecule should be -5.60 eV or higher to allow a p-channel field effect; 
and LUMO energy level should be -3.15 eV or lower to allow an n-channel field effect.30 
However, acene itself usually possesses a high-lying HOMO and therefore tends to lose 
electrons to become hole carriers rather than electron carriers, such as pentacene.13 
Recognizing the importance of developing n-type semiconductors for p-n junctions and 
complementary logic circuits, researchers have made efforts to change acenes from p-type 
to n-type by suitable functionalization. A common way to obtain n-type acenes is the 
peri-substitution by strong electron-withdrawing groups (carboxylic imide, cyano, 
fluorine, etc.). Electron-withdrawing groups can be classified into σ-acceptors (halogen, 
etc.) and π-acceptors (imide, cyano, etc.). The former can lower both HOMO and LUMO, 
while the latter prefers LUMO than HOMO.31 Although a deeply lowered LUMO can 
improve the working stability of a material in air, it is likely to make the neutral 
molecules sensitive to even a weak nucleophile. Most functional groups increase the inner 
reorganization energy (smaller is better) of the corresponding substrates32 except for the 
unique cyano group.33 Moreover, peri-substitution usually facilitates a favourable 
conversion of the intermolecular packing mode in solid state (from herringbone to 
cofacial array).12a,34 Due to the above-mentioned reasons, the progress made in the area of 
n-type acene is slower and the corresponding mobility is lower compared to the p-type 
acene up to now. In the following paragraphs, representative n-type acene derivatives are 
reviewed. 
A. Naphthalene Core 
Naphthalene tetracarboxylic dianhydride and naphthalene diimides (NDI) are 
derivatives based on a naphthalene core modified with four carboxyl groups. Owing to 
the extended π-system, these functionalized naphthalenes show OFET activities while 
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naphthalene itself does not. Their films, deposited by vacuum sublimation, were found to 
show electron mobilities of 3 × 10-3 and 10-4 cm2V-1S-1 respectively. Since then, lots of 
research work on N-substituted NDI with different alkyl groups were conducted; and 
some of them showed good n-channel performance (> 0.1 cm2V-1S-1) (1-19a to 1-19f in 
Chart 1.7).35 Compound 1-19b exhibited the highest mobility value of 6.2 cm2V-1S-1 
reported so far among all the n-type molecules in inert atmosphere.35b Based on the 
mobility figures obtained for N-substituted NDI, it can be concluded that the alkyl 
substituents play a key role in the mode of intermolecular packing, and the charge carrier 

























































Chart 1.7 Naphthalene diimide based n-type acene derivatives. 
Three strategies have been applied to further increase the stability in air: (i) 
introduction of F-atoms into the N-substituents (1-19d,e);35c (ii) further modification on 
the NDI core with strong electron-withdrawing groups (1-20, 1-21a,b);36,37 and (iii) 
cooperation with an electron-donating unit to afford a lower LUMO energy level through 
intramolecular charge transfer (1-22).38  
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B. Anthracene Core 
Anthracene is the smallest acene which shows OFET activity at a low temperature.9b 
To offer electron transport properties, a series of anthracene diimides (1-23a to 1-23d in 
Chart 1.8) were prepared and studied.39 The highest mobility among them is 0.02 cm2V-






















Chart 1.8 Anthracene diimide based n-type acene derivatives. 
C. Pentacene Core 
Further fluorination and chlorination on the p-type 1-7a (see Chart 1.4 in Section 
1.1.1) resulted in derivatives 1-24a to 1-24c (see Chart 1.9) with ambipolar behaviors 
(show both p-type and n-type FET properties).40 Perfluorination and perfluorobutylation 
can change pentacene from p-type to n-type (electron mobilities are 0.11 cm2V-1S-1 for 1-
25 and 0.0017 cm2V-1S-1 for 1-26).41 Pentacene diimide derivatives 1-27a,b with a 
LUMO energy level as low as -4.19 eV were synthesized in Chi’s group.7c,d.The solution-
processed film of 1-27b showed typical n-channel characteristics with a mobility up to 























































Chart 1.9 Pentacene based n-type acene derivatives. 
D. Perylene Core 
Perylene can be regarded as two naphthalenes coupled by single bonds. Similar to 
NDI, perylene diimide (PDI) is a widely studied building core in the construction of n-
type semiconductors. These studies include N- and perylene-functionalization. Firstly, a 
series of N-substituted PDI derivatives with different alkyl groups (1-28a to 1-28h in 
Chart 1.10) were prepared; and some of them showed promising n-channel performance 
(> 0.1 cm2V-1S-1).42 The fluoride 1-28f to 1-28h showed good working stabilities in air.42e 
Secondly, dihalogenation of perylene moiety (1-29a to 1-29c) led to a better performance 
than the unhalogenated counterparts.42e The cyanated perylenes 1-30a to 1-30c also 
exhibited good stability in air.43 Thirdly, steric hindrance, caused by tetrahalogenation, 
forced the PDI core to be nonplanar. This nonplanarity normally resulted in much lower 




































































Chart 1.10 Perylene based n-type acene derivatives. 
In summary, carboxylic imide, cyano, and fluorine groups are the most widely used 
strong electron-withdrawing peri-substituents in designing an n-type acene derivative. 
These groups have their own characteristics. As π-acceptors, carboxylic imide and cyano 
group can extend the π-conjugation system to offer a larger frontier orbital area for 
stacking. N-alkylated carboxylic imide can simultaneously serve as a solubilizing group. 
Directly attached cyano group reduces the inner reorganization energy. According to the 
space-filling model, fluorination offers a denser intermolecular packing in the solid state 
to prevent the penetration of oxygen or water into the devices, resulting in a higher 





1.2 Problems in Oligoacenes 
There are two facets which should be considered when we propose an acene 
derivative: (i) the solubility in common solvents and (ii) the stability of long acenes, 
which is also mentioned in Section 1.1.1.  
A. Solubility 
Long acenes, as highly aggregated molecules, naturally possess a poor solubility 
unless they are appropriately substituted by a solubilizing group. A good solubility not 
only favors easier purification and characterization during the synthesis of an acene 
derivative, it is also crucial in the fabrication of semiconductor devices. When an OFET 
device is being fabricated, the semiconducting material needs to be processed into a thin 
film. This can be achieved by vacuum sublimation-deposition in the case of insoluble 
materials and solution-process of soluble materials.44 Solution-process has become very 
attractive owing to three advantages: (i) only ambient conditions are required; (ii) flexible 
plastics or fabrics can be used as substrates; and (iii) low production cost.44 Therefore, a 
better solubility is desired in synthesis and material performance. There are two types of 
peri-substitutes to improve the solubility of an acene derivative. One is the flexible alkyl 
chain; the other is by the use of aggregation-suppressing bulky groups. The scope of 
modification is wide, limited only by the imagination of organic chemists, which is 
discussed in future chapters.  
B. Stability 
Longer acene represents more extended conjugation system, thus results in a higher-
lying HOMO and a lower band gap, which is unfortunately liable to photooxidization and 
Diels-Alder reaction.45 As shown in Scheme 1.3, the singlet acene (excited by light) 
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undergoes an electron transfer with oxygen to form the acene cation and oxygen anion. 
An endoperoxide is formed through a Diels-Alder procedure, which can further become 
the stable quinone structure. Alternatively, if the singlet acene changes into the triplet one 
via intersystem crossing (ISC), its relaxation energy can shift oxygen molecule into a 
singlet state. This singlet oxygen is readily reacted with the ground state acene to generate 
the same endoperoxide. Even in an oxygen-free solution, long acenes incur the 
intermolecular Diels-Alder reaction under light to yield a butterfly-like dimer (see Chart 
1.11).4b Thus, the Diels-Alder cycloaddition is the key step in any oxidization or 
decomposition. 
1Acene  +  3O2







Acene     +  O2
+ -






Scheme 1.3 Photooxidization procedure of the long acene by triplet oxygen. 
 
Chart 1.11 Butterfly-like photodimerized pentacenes. 
 
1.3 Strategies to Improve the Stability 
1.3.1 Peri-Substitution by Electron-Withdrawing Groups 
The peri-substitution is a conventional approach to stabilize long acenes, which is 
also mentioned in Section 1.1.1. The substitutes, usually electron-withdrawing groups 
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(ethynyl, halogen, etc.), lower the HOMO energy level to reduce the oxidation potential. 
Meanwhile, these groups, especially bulky and no-planar ones, can block the reactive 
sites to kinetically discourage the key cycloaddition step during the decomposition. 
Therefore, the less electron-deficient phenyl and thioaryl rings can also afford the 
successful long acenes 1-15 and 1-16 (see Charts 1.5 and 1.6 in Section 1.1.1). On the 
other hand, stronger electron-withdrawing carboxylic imide, cyano, or fluorine groups 
can offer the property of electron transport for n-type semiconductor application (see 
Section 1.1.2) in addition to the stabilization. 
1.3.2 Two-Dimensional Fusion 
The stabilizing effect of two-dimensional fusion is realized through adjusting the 
electronic structure. Linear fusion causes the frontier orbital to become more delocalized, 
resulting in a higher-lying HOMO and a lower band gap. While two-dimensional fusion 
makes the frontier orbital less delocalized, resulting in a more stable nature but higher 
reorganization energy.28 Graphene, a single sheet of graphite, is a good example to show 
a stable planar conjugation system with infinite length and width. This effect can be 
qualitatively evaluated by Clar’s sextet rule.5 In Chart 1.12a for pentacene, only one π-
electron sextet could be drawn, which is shared over five rings. After additional rings are 
fused on both sides, two sextets can be drawn along the pentacene core (see Chart 1.12b). 
The more sextet shared over less rings indicates a higher stability. Two-dimensional 
fusion is a special way to extend the conjugation system without the destabilization by 
linear fusion or dramatically lowed LUMO by π-acceptors. 
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(a) (b)  
Chart 1.12 Clar’s sextet rule. 
1.3.3 Introduction of Nitrogen Atoms into Acene Framework 
An alternative strategy is to introduce N-atoms into an acene framework. The 
electronegative imine N-atoms enhance the stability of acenes and prevent 
photooxidization and Diels-Alder reaction.45 Meanwhile, the electron-rich amine N-atoms 
can also stabilize the acene system. The reason is due to (i) the presence of enamine 
interactions; (ii) the greater stability of N-H versus C-H bonds; and (iii) the formation of 
two Clar systems upon hydrogenation.8 Similar to the situation of peri-substitution, inner 
reorganization energy increases upon hetero-atomic substitution.33 In the following 
paragraphs, representative N-heteroacenes are reviewed. 
As an analogue of pentacene, crystalline films of 1-32 (Chart 1.13) achieved an 
OFET hole mobility of 0.45 cm2V-1S-1.46 After chlorination in the peri-positions, the 
mobility of 1-33a surged to 1.4 cm2V-1S-1 owing to its cofacial packing.47 It is worth 
considering that the mobility of pyrazino counterpart 1-33b is only one-tenth of that of 1-
33a, although they possess almost the same crystal structure. This result emphasizes the 
importance of “matching” between the intermolecular packing and frontier orbital 
(HOMO for p-channel, LUMO for n-channel) distribution. The combination of 
dihydropyrazine and pyrazine in one framework has also been applied in a series of 
pentacene derivatives (1-34a to 1-34c).48 Due to the shifted H-atoms, they all exist as 
quinonoids. Again, their mobilities are much lower compared with the dihydropyrazino 1-
17 
 



























R1 = R2 = H          1-34a
R1 = H; R2 = Me   1-34b










Chart 1.13 p-Type aza-acene derivatives. 
Owing to the high electron deficiency, imine N-atom is more likely to be utilized in 
designing n-type semiconducting molecules (see Chart 1.14). Compounds 1-36 and 1-37 
are pyrazinanthracene based n-type semiconductors. Vacuum-deposited films of 1-36 
showed a mobility of 0.03 cm2V-1S-1 in nitrogen but no OFET activity in air.50 As for the 
1-37 series structures, they only showed very poor mobilities.51 It can be explained by 
their single crystalline structures which showed an unfavorable intermolecular packing 
mode. A successful application of pyrazinpentacene derivatives as n-type materials was 
recently reported (see 1-38a,b), whose electron mobilities exceeded 1.0 cm2V-1S-1 under 
vacuum and 0.3 cm2V-1S-1 in air from deposited films.52 At the same time, another group 
reported the N-heteropentacenes with less N-atoms as ambipolar semiconductors (1-
39a,b). However, they had no n-channel activity in air due to the higher-lying LUMO.53 
Up to now, there is no aza-acene based structure reported for use as air-stable and 
solution-cast n-type material.  
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R1 = R2 = R3 = R4 =H
R1 = R4 = H; R2 = R3 = Me
R1 = R4 = H; R2 = R3 = OMe


















































Chart 1.14 n-Type (including ambipolar) aza-acene derivatives. 
The synthesis of longer N-heteroacenes was reported earlier, but they were not 
evaluated as semiconductors.30,8 For example, pyrazinacenes in Chart 1.15 were 
synthesized but they were never used in electronic device applications. Wang’s group 
reported a pyrazine-containing acene-type molecular ribbon (1-40) with up to 16 linearly 
fused rings, suggesting the possibility of imine-stabilized longer acenes.54 Further work to 
increase the number of N-atoms in an acene system was conducted by Hill and D’Souza 
(1-41a to 1-41c), which highlighted the difficulty in achieving the molecules with a 



















































From tetracenes to the latest stable nonacenes, the field of acene has attracted 
worldwide attention. Exciting progress in the synthesis and semiconductor application has 
been reported in the last two decades. Pentacene and NDI are two widely investigated 
molecules and building cores in the development of semiconducting molecules. They 
have helped to establish the structure-property relationships. Long acenes are generally 
less stable than their shorter counterparts and they need to be further functionalized for 
enhanced stability and application as n-type materials. Moreover, the progress of n-type 
acene is, in general, lagging behind that of p-type acene because of the increased inner 
reorganization energy. Solution-processable molecules for semiconducting materials are 
also less developed due to the difficulty in obtaining films with a regular morphology. Up 
to now, among all the modifications on acenes for the enhanced stability and electron 
transport property, peri-substitution by various electron-withdrawing groups or bulky 
groups is the one mostly widely studied. Other strategies (see Section 1.3) are less utilized. 
The aim of this thesis is to develop soluble and stable longer acenes and n-type acenes by 
adopting the following alternate strategies. 
1.  The stable longer acenes can be achieved by the introduction of imine N-atoms. In 
Wang’s work (see 1-40 in Chart 1.15), no FET data was reported.54 The reason may be 
the poor packing order in the solid state caused by the sterically hindered terminal groups. 
In order to achieve a good packing order in the solid state, only flexible chains are 
attached at the ends of molecules to keep the planar conformation. Moreover, the lower 
HOMO and LUMO energy levels, caused by the more imine N-atoms incorporated, may 
offer an n-channel property in addition to the improved stability. In particular, the 
synthesis of large-size linear and star-shaped dihydropyrazine fused pyrazinacenes is 
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presented in Chapter 2. Their physical properties and self-assembly in both solution and 
solid state were also studied. 
2.  The stable longer acenes or n-type acenes can be also achieved by the fusion with five-
membered rings. Five-membered ring is more electron-deficient compared with the 
normal six-membered benzene ring, resulting in a lowered LUMO. Moreover, the 
introduction of five-membered ring into an acene is always accompanied by a two-
dimensional fusion, which further stabilizes the π-system. Five-membered rings can also 
be regarded as an “acceptor” to fuse with other electron-richer “donor” rings to offer a 
property of narrow band gap through the intramolecular charge transfer. The solubility 
can be resolved by attaching flexible aliphatic chains or bulky functional groups. Chapter 
3 describes acenaphthylenequinone, an efficient building block to simultaneously 
introduce a pyrazine unit and a five-membered ring, through an easy condensation 
reaction. The first successful synthesis of dialkylated acenaphthylenequinone is then 
highlighted, followed by a series of stable acene derivatives prepared by the use of 
acenaphthylenequinones. Their electronic, electrochemical properties and thermal 
behaviors were studied. The OFETs fabricated from these molecules by solution-
processing technique were tested, and n-channel FET activity was observed. Chapter 4 
explores new chemistry of acenes. A new isomer of emeraldicene and its extended 
derivative, based on tetracene, were synthesized. Their enhanced photostability indicates 
a possibility of the persistent longer acenes fused with five-membered rings. The 
synthesis of the high order acene, nonacene, through the approach of fusion with five-
membered rings, was therefore attempted. This synthetic work is quite challenging, and 
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Large-Size Linear and Star-Shaped Dihydropyrazine Fused 
Pyrazinacenes 
2.1 Introduction 
In Chapter 1, we have shown that the introduction of N-atoms (imine and amine ones) 
into an acene framework is an alternative strategy to enhance the environmental stability. 
Imine N-atoms are highly electron deficient and hence they are usually utilized in the 
design of n-type semiconducting molecules.1 Moreover, they can also serve as H-bond 
acceptors to increase the intermolecular interactions in the solid state.2 To achieve n-type 
behavior, a large number of imine N-atoms should be incorporated into the acene 
framework if without a peri-attached electron-withdrawing group.2 Thus, pyrazine-
containing acenes, namely pyrazinacenes, are highly desired. However, pyrazinacenes 
with high pyrazine unit density but without an electron-donating group can only be 
obtained with great difficulty or they are very sensitive to even weak nucleophiles.3 
Moreover, fused pyrazine derivatives are also easily reduced.4 On the other hand, a 
dihydropyrazine (reduced pyrazine with two amine N-atoms) unit has been used for the 
design of p-type semiconductors5 and they can also act as H-bond donors. Therefore, 
some aza-acene derivatives containing both imine and amine N-atoms have been prepared 
to control their stability and electronic properties.6 An ambipolar behavior is expected for 
pyrazinacenes composed of both pyrazine and dihydropyrazine units.3 Some linear 
pyrazinacenes are already reviewed in Section 1.3.2. Besides the linear structures, star-
shaped pyrazinacenes such as hexaazatriphenylene (HAT) and hexaazatrinaphthalene 
(HATN) derivatives are also of interest because they can self-organize into columnar 
30 
 








































2-1a  R2 = H





Chart 2.1 Structures of aza-decacenes 2-1a, 2-1b and star-shaped aza-tripentacene 2-2. 
Larger linear and star-shaped acenes containing both pyrazine and dihydropyrazine 
units are interesting because they are supposed to show more extended π-conjugation and 
a higher tendency to aggregate, which are essential for applications in electronic devices 
such as organic field effect transistors (OFETs). In this chapter, we introduce the 
successful synthesis and characterization of large-size linear aza-decacenes 2-1a,b and 
star-shaped aza-tripentacene 2-2 containing both pyrazine and dihydropyrazine units (see 
Chart 2.1). Their physical properties and self-assembly in solution and the solid state 
were also studied. 
 
2.2 Synthesis and Characterization 
The synthesis of aza-acenes 2-1a,b and 2-2 is shown in Scheme 2.1. The key 
intermediate compound is the alkylated dihydrotetraazatetracene 1,2-diamine 2-13, which 
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can undergo a condensation reaction with 1,2-diketones. To ensure sufficient solubility of 
the final products, branched dove-tail chains have to be attached onto the peripheries. The 
synthesis started from the etherification of 2-decyhetradecan-1-ol 2-3 with pent-4-ynyl-4-
methylbenzenesulfonate 2-48 to give the alkyne 2-5 in 61% yield. Modified nitration of 
dibromobenzene 2-6 by potassium nitrate gave 1,2-dibromo-4,5-dintrobenzene 2-79 in 
26% yield. Hagihara-Sonogashira coupling between 2-5 and 2-7 gave compound 2-8 in 
50% yield. It is worth noting that the spacer between an O-atom and a triple bond should 
be at least as long as propyl. Otherwise, a coupling reaction using alkynes with a shorter 
spacer (e.g., methylene) gave the corresponding products in extremely low yield, 
presumably due to the coordination of an O-atom to the Pd catalyst. Hydrogenation10 of 
both the nitro and the alkyne groups in compound 2-8 was then conducted by using 
hydrazine over Pd/C to afford the diamine 2-9 in 90% yield. The nucleophilic substitution 
/ coupling reaction between 2-9 and 2-1011 was highly energetic and careful control must 
be exercised to achieve a reasonable yield. The reaction can be conducted in solid form 
without a solvent, but the purification was difficult because many byproducts were 
formed. After careful optimization of reaction conditions, the reaction was found to show 
the best result when carried out in DMF without any base and 2-11 was obtained in 37% 
yield. The dihydropyrazino ring in compound 2-11 could be further dehydrogenated to 
form pyrazino one by using DDQ to afford 2-12 in 62% yield, while the hydrogenation of 
both 2-11 and 2-12 by hydrogen over Pd/C in ethanol afforded the same air-sensitive 
diamine 2-13. The freshly prepared diamine 2-13 was then reacted with pyrene tetraone 
2-14a, 2-14b12 or cyclohexaone 2-15 to form the target products 2-1a, 2-1b and 2-2 in 59-
80% yields. The tert-butyl-substituted pyrene tetraone 2-14b was chosen as the bulky 
groups which may partially suppress molecular aggregation and facilitate NMR 
characterization in solution. These condensation reactions were carried out in acetic 
32 
 
acid/p-dioxane at 135 oC, and excessive diamine 2-13 was used to ensure completion of 
multiple condensation reactions. The desired products 2-1a, 2-1b, and 2-2 were nearly 
insoluble in alcohol and ethyl acetate but readily soluble in THF, aromatic solvents, 
chlorinated alkanes, and hexane. During the reaction, the excessive diamine 2-13 formed 
the imidazole byproduct with acetic acid, which can be easily removed from the target 
products by simply washing with ethanol. Other condensation conditions such as m-cresol 
and p-toluenesulfonic acid/toluene were also attempted, which led to the formation of a 
mixture of products which were hard to purify. Further dehydrogenation of 2-1a, 2-1b, 
and 2-2 by oxidants such as MnO2, PbO2, or DDQ was also tried, but all of the reactions 
only produced partially dehydrogenated products which were difficult to purify and 
identify. 
The chemical structures of 2-1a, 2-1b, and 2-2 were elucidated by using NMR, 
MALDI-TOF mass spectrometry, and elemental analysis (see experimental section). 
Although they have very good solubility in chloroform or dichloromethane, no signal was 
observed in the aromatic region of NMR spectra even when the measurement was 
conducted at 100 oC in tetrachloroethane-d2. This can be attributed to the strong 
aggregation effect of the rigid core molecules in solution. TFA-d1 was hence added to the 
solution to protonate the N-atoms to suppress the aggregation. As a result, a well resolved 
resonance signal was obtained and the chemical structures of 2-1a, 2-1b, and 2-2 were 
confirmed (Figure 2.1). The MALDI-TOF mass spectra show molecular ion peaks with 
m/z at 2410.786 [M + H]+, 2522.911 [M + H]+, and 3389.592 [M + H]+ for 2-1a, 2-1b, 
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2-1a  R2 = H (80%)































































Figure 2.1 Aromatic regions of the 1H NMR spectra of 2-1a, 2-1b, and 2-2 measured in 
CDCl3/CF3COOD (1:1). The resonances were assigned to the corresponding protons 
shown in Scheme 2.1. 
 














































































































2.3 Properties and Discussion 
2.3.1 Photophysical Properties 
The concentration-dependent UV-Vis absorption spectra of 2-1a, 2-1b, and 2-2 
recorded in dilute chloroform solution and in a thin film are shown in Figure 2.3, and the 
data are summarized in Table 2.1. Compound 2-1a shows an intense absorption band with 
a maximum at 506 nm at 1 × 10-5 M (Figure 2.3a). Under the same conditions, 2-1b 
exhibits two split bands at 500 and 524 nm (Figure 2.3b). For 2-1a, the wavelength of the 
absorption maximum (λmax) shows a slight hypsochromic shift with an increase of 
concentration (from 511 nm at 5 × 10-7 M to 505 nm at 3 × 10-5 M), which indicates H-
aggregations.13 For 2-1b, because the aggregation is suppressed by the tert-butyl on the 
pyrene, no shift of λmax occurs at various concentrations and two resolved peaks were 
observed. Compound 2-2 displays a broad absorption band with λmax at 547 nm in 
solution together with a long tail to the near-IR region (Figure 2.3c). The λmax shows a red 
shift with increasing concentration (from 543 nm at 1 × 10-6 M to 558 nm at 5 × 10-5 M), 
which is similar to the HAT molecules and can be explained by a rotated cofacial 
aggregation.7c-e In thin films, the absorption spectra of 2-1a and 2-1b become slightly 
broader and the spectrum of 2-2 shows an obvious red shift compared to that in solution 
(Figure 2.3d), indicative of strong intermolecular associations in films. Although these 
compounds have an extended conjugation, their absorption maximums are similar to that 






Table 2.1 Summary of optical spectra data of compounds 2-1a, 2-1b and 2-2. 
Compd. aλmax (abs) / nm εmax / cm-1M-1 bλmax(emi) / nm cλmax (abs) / nm 
2-1a 506 97900 531 507 
2-1b 524 61400 531 513 
2-2 547 54700 601 557 
a. in chloroform at a concentration of 1 × 10-5 M; b. in chloroform at a concentration of 
1×10-6 M; c. in the thin film. 
























































































Figure 2.3 Concentration-dependent UV-Vis absorption spectra (from 5 × 10-7 to 5 × 10-5 
M) of (a) 2-1a; (b) 2-1b; (c) 2-2. (d) Normalized UV-Vis absorption spectra of 2-1a, 2-1b 
and 2-2 in thin films. 
The concentration-dependent fluorescence spectra of 2-1a, 2-1b, and 2-2 (see Figure 
2.4) show a red shift of the emission maximum and fluorescence quench when the 
concentration is > 1 × 10-5 M. This further confirms the aggregates are formed in a 
concentrated solution (> 1 × 10-5 M). Compound 2-1b shows a relatively sharp 
fluorescence spectrum at 1 × 10-6 M compared with 2-1a, both with an emission 
maximum at 531 nm. The fluorescence quantum yields are relatively low, with 3.5% for 
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2-1a and 10.5% for 2-1b (Rhodamine 6G as reference). Compound 2-2 exhibits very 
weak fluorescence (quantum yield < 0.5%) with an emission maximum at 601 nm. 























































































Figure 2.4 Concentration-dependent fluorescence spectra (from 5 × 10-8 to 4 × 10-5 M) of 
(a) 2-1a; (b) 2-1b; (c) 2-2. 
2.3.2 HOMO and LUMO Energy Levels 
Their electrochemical properties were studied by cyclic voltammetry (CV) 
measurements. Due to the strong aggregation, only weak redox signals for 2-1a, 2-1b and 
2-2 were observed when the measurements were conducted in dichloromethane at room 
temperature. To lower the degree of aggregation, the cyclic voltammograms were 
recorded in chlorobenzene at elevated temperature (80 oC) (see Figure 2.5). However, 
their intensity was still not strong enough for a reliable determination of redox onset 
potentials. Corresponding HOMO and LUMO energy levels were therefore not available 
from the cyclic voltammograms. Ultraviolet photoelectron spectroscopy (UPS) was used 
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instead to determine their HOMO energy levels in the thin films (see Figure 2.6) and the 
data are summarized in Table 2.2. The HOMO energy levels are -4.88, -5.04 and -4.88 eV 
for 2-1a, 2-1b and 2-2 respectively. The optical energy band gaps (Egopt) are determined 
from the low-energy absorption edge in thin films, and then the LUMO energy levels can 
be estimated by LUMO = HOMO + Egopt to be -2.79, -2.86 and -3.61 eV for 2-1a, 2-1b 
and 2-2, respectively. Among these compounds, 2-2 has the lowest LUMO energy level 
due to the high density of pyrazine unit which induces a stronger electron-withdrawing 
effect. 
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Figure 2.5 Cyclic voltammograms (with corresponding differential pulse voltammetry 













Figure 2.6 Ultraviolet photoelectron spectra of 2-1a, 2-1b and 2-2. 












2-1a 3.88 1.0 -4.88 -2.79 2.09 
2-1b 3.92 1.12 -5.04 -2.86 2.18 
2-2 3.68 1.22 -4.88 -3.61 1.27 
HOMO = - (Work Function + HOMO cutoff). Egopt is the energy gap determined from the 
low-energy absorption edge in thin film state. LUMO = HOMO + Egopt. 
2.3.3 Thermal Behavior and Molecular Packing 
The thermal stability was determined by using thermogravimetric analysis (TGA) in 
nitrogen gas at a heating rate of 10 oC/min. The decomposition temperatures (Td, 
corresponding to the 5% weight loss) for 2-1a, 2-1b, and 2-2 were at 300, 261, and 232 
oC respectively (Figure 2.7). Td of compound 2-1b is significantly lower than that of 2-1a 
although these two compounds share the same framework structure, presumably due to 
the early decomposition of the less thermally stable tert-butyl groups in 2-1b. Differential 
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scanning calorimetry (DSC) curves were recorded at a heating rate of 10 oC/min and 
showed no phase transition from room temperature to Td for any of the compounds, which 
suggest a mainly amorphous state of aggregation. The molecular packing structure was 
studied by X-Ray Diffraction (XRD) technique. The patterns and data of XRD in thin 
films are shown in Figure 2.8 and Table 2.3. Only one major reflection in the small angle 
region (2 = 2.1 ~ 2.7o) and a halo at the wide angle region (2 = 19.4 ~ 21.9o) can be 
observed for all of the compounds. This limited information has made it difficult to 
determine the intermolecular packing structure. The corresponding d-values of the major 
reflections are 42.0 Å for 2-1a, 32.7 Å for 2-1b, and 35.3 Å for 2-2. The halos (d = 4.1-
4.6 Å), at the wide angle region, are related to the association of flexible chains. The 
reflection intensity of 2-1a is much higher than the other two compounds, implying that it 
has a higher packing order in the solid state. This result is expected because 2-1a has a 
linear structure without the tert-butyl group on the pyrene unit. 









































































Figure 2.8 XRD patterns of compounds (a) 2-1a, (b) 2-1b and (c) 2-2. 
Table 2.3 XRD patterns data. 2d sin = λ (λ = 1.5406 Å). 
Compd. 
d / Å (2 / degree) 
ÅPeak 1 Peak 2 
2-1a 42.0 (2.1) 4.6 (19.4) 
2-1b 32.7 (2.7) 4.1 (21.6) 
2-2 35.3 (2.5) 4.1 (21.9) 
 
2.3.4 OFET Device Test 
The spin-coated films of compounds 2-1a, 2-1b and 2-2 were prepared for OFET 
characterization. The compounds possess good solubility in common organic solvents, 
rendering the easy preparation of homogeneous films. However, no FET activity was 
detected for any of these films. We suggest that the N-atoms in the molecule may interact 
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with organic solvents through H-bonds to reduce the order of intermolecular packing in a 
film. Solution-processable N-heteroacene based semiconducting materials are less 
developed, only one similar case can be found in recent work on pyrazinpentacene 
derivatives (see 1-38a,b in Chart 1.14). Poor to zero charge carrier mobilities were 




In summary, large soluble and stable linear and star-shaped aza-acenes (2-1a, 2-1b, 
and 2-2) containing fused pyrazine/dihydropyrazine units were synthesized by using a 
new building block 2-13. To the best of our knowledge, 2-2 represents the largest star-
shaped dihydropyrazine fused pyrazinacene reported so far. These new compounds 
possess good thermal stability up to 232 oC and good solubility in common organic 
solvents. A strong tendency of them to aggregate in both solution and thin films is 
indicated by the results of NMR, UV-vis absorption, CV and XRD measurements. 
Among these compounds, 2-1a shows the highest molecular packing order in the solid 
state owing to its linear structure without the tert-butyl group on the pyrene unit. 2-2 has 
the lowest LUMO energy level due to its high pyrazine unit density induces a stronger 
electron-withdrawing effect. Their spin-coated films are quite homogenous but they show 
no FET activity properties. This may be due to the interaction between the N-atoms in the 
molecule and organic solvents via H-bonds to reduce the order of intermolecular packing 




2.5 Experimental Section 
2.5.1 General 
1H NMR and 13C NMR spectra were recorded on a Bruker DRX-300 MHz or DRX-
500 MHz spectrometer in CDCl3 or CDCl3-TFA-d1. All chemical shifts are quoted in ppm, 
relative to tetramethylsilane; the residual solvent peak is used as a reference standard. 
MALDI-TOF mass spectra were recorded on a Bruker MALDI mass spectrometer with 1, 
8, 9-trihydroxy anthracene as the matrix. UV-Vis absorption and fluorescence spectra 
were recorded on a SHIMADZU UV-1700 UV-Vis spectrophotometer and a 
SHIMADZU RF-5301PC Spectrofluorophotometor, respectively. Cyclic voltammo-
grams were performed on a CH Instrument 620C electrochemical analyzer with a three-
electrode cell in a solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) 
dissolved in HPLC grade chlorobenzene at 80 oC and a scan rate of 50mV s-1. A gold 
electrode with a diameter of 2 mm, a Pt wire and a AgCl/Ag electrode were used as the 
working electrode, counter electrode and reference electrode, respectively. The potential 
was then calibrated against the ferrocenium/ferrocence couple. Ultraviolet photoelectron 
spectroscopy measurements were performed in ESCA LAB MK2 system (VG, England) 
with a base pressure better than 1 × 10-10 mbar with He I (21.2 eV) as the excitation 
source. A -10 V bias was applied to the sample to allow for collection of the low kinetic 
energy part. The sample work function was obtained through the equation Φ=hν-W  
where W is the energy difference between the substrate Fermi level and low kinetic 
energy cutoff. TGA and DSC measurements were performed at a heating rate of 10 
oC/min under nitrogen flow on a TA Instrments SDT 2960 and a METTLER TOLEDO 
DSC1 respectively. XRD patterns of the films were measured on a Bruker AXS D8 
DISCOVER with GADDS Powder X-ray diffractometer. Copper Kα line was used as 




Anhydrous tetrahydrofuran (THF) was obtained by distillation with sodium. All other 
chemicals were purchased from commercial supplies and used without further 
purification. Pent-4-ynyl-4-methylbenzenesulfonate (2-4),8 2,3-dichloro-6,7-dinitro-
quinoxaline (2-10)11 and pyrene-4,5,9,10-tetraone (2-14a, 2-14b)12 were prepared 
according to the reported methods. 
11-((Pent-4-ynyloxy)methyl)tricosane (2-5) 
To a solution of 2-Decyltetradecan-1-ol 2-3 (16.2 g, 45.7 mmol) in THF (30 mL), sodium 
hydride (60%, 2.7 g, 68.7 mmol) was carefully added. Then the mixture was stirred under 
reflux temperature overnight. After the system was cooled to 60 °C, compound 2-4 (10.9 
g, 45.7 mmol) was continuously added in 2 hrs. The reaction mixture was cooled down to 
room temperature, and then quenched by ethanol. The crude product was extracted by 
hexane (50 mL × 3), washed with deionized water (30 mL × 3) and dried over with 
anhydrous magnesium sulfate. After removing the solvent under reduced pressure, the 
mixture was separated by silica gel column (diluted by hexane) to give a pure product 2-5 
(11.8 g, yield in 61%) as colorless oil. 1H NMR (300 MHz, CDCl3) δ ppm = 3.47 (t, J = 
6.3 Hz, 2H), 3.27 (d, J = 6.0 Hz, 2H), 2.28 (m, 2H), 1.93 (t, J = 2.7 Hz, 1H), 1.78 (quant, 
J1 =6.2 Hz, J2 = 13.3 Hz, 2H), 1.66-1.53 (m, 1H), 1.26 (m, 40H), 0.88 (t, J = 6.9 Hz, 6H); 
13C NMR (75.5 MHz, CDCl3) δ ppm = 74.3, 69.2, 68.2, 38.2, 31.9, 31.4, 30.1, 29.7, 29.4, 
28.7, 26.8, 22.7, 15.3, 14.1; Anal. Calcd for C29H56O: C, 82.78; H, 13.42; found: C, 82.91; 
H, 13.57. 
1,2-Dibromo-4,5-dinitrobenzene (2-7) 
The reported preparation was by using fuming nitrate acid.9 A modified method by 
potassium nitrate has been improved here due to the unavailable fuming nitrate acid. To a 
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mixture of 1,2-dibromobenzene 2-6 (18.9 g, 80.0 mmol) in sulfate acid (100 mL) with 
stirring and ice-water bath, potassium nitrate (32.0 g, 320.0 mmol) was added by 
partitions. The system was kept in the ice-water bath until no more releasing of heat, and 
then the mixture was stirred at 115 °C overnight. After the system was cooled to ambient 
temperature, the upper acid layer was removed and the product layer was poured into 100 
g ice. This water slurry was neutralized by sodium bicarbonate. The product mixture was 
extracted from above slurry by 30 mL ethyl acetate (EA) for four times. Removed the 
solvent EA under reduced pressure, the products mixture was found result in an oil. 
Ethanol (2mL) was added into this oil and the mixture was kept static. It could be 
observed that the crystal slowly separated out. After one night for crystal growing, 
filtration was done to collect the light-green crystals of product 2-7 (6.8 g, yield in 26%). 
1H NMR (300 MHz, CDCl3) δ ppm = 8.18 (s, 2H). 
1,2-Bis(5-(2-decyltetradecyloxy)pent-1-ynyl)-4,5-dinitrobenzene (2-8) 
Compound 2-7 (2.1 g, 6.5 mmol), Pd(PPh3)Cl2 (227.4 mg, 0.324 mmol), CuI (123.4 mg, 
0.648 mmol) were added into in a flask under the protection of nitrogen. DIPEA (4.2 g, 
32.4 mmol) was charged and followed by a solution of 2-5 (6.8 g, 16.2 mmol) in THF (25 
mL, dry and oxygen free). This reaction mixture was stirred at reflux temperature 
overnight. After being cooled to room temperature, the reaction was quenched by 
saturated ammonium chloride aqua. The mixture was then extracted by EA (30 mL × 3), 
washed with deionized water (50 mL × 3) and dried over with anhydrous magnesium 
sulfate. After removing the solvent under reduced pressure, the mixture was separated by 
silica gel column (hexane: EA = 150: 1 to 50: 1) to give a pure target product 2-8 (3.5 g, 
in yield 50%) as orange oil. 1H NMR (300 MHz, CDCl3) δ ppm = 7.85 (s, 2H), 3.53 (t, J 
= 6.0 Hz, 4H), 3.30 (d, J = 5.7 Hz, 4H), 2.61 (t, J = 6.9 Hz, 4H), 1.89 (quant, J1 = 6.6 Hz, 
J2 = 13.0 Hz, 4H), 1.64-1.55 (m, 2H), 1.25 (m, 80H), 0.88 (t, J = 6.9 Hz, 12H); 13C NMR 
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(75.5 MHz, CDCl3) δ ppm = 140.8, 131.8, 128.0, 102.0, 77.3, 74.4, 69.1, 38.3, 31.9, 31.5, 
30.1, 29.7, 29.4, 28.6, 26.9, 22.7, 16.7, 14.1; Anal. Calcd for C64H112N2O6: C, 76.44; H, 
11.23; N, 2.79; found: C, 76.69; H, 11.41; N, 2.72. 
4,5-Bis(5-(2-decyltetradecyloxy)pentyl)benzene-1,2-diamine (2-9) 
Ethanol (30 mL) was added to a solution of 2-8 (3.05 g, 3.0 mmol) in THF (5 mL), 
followed by palladium (on active carbon, 300 mg). Hydrazine monohydrate (20 mL) was 
then slowly and carefully added into the mixture. The system was stirred at reflux 
temperature under the protection of nitrogen for 4 hrs. After being cooled to room 
temperature, the mixture was filtered through a bed of Celite and washed by hexane (20 
mL). The filtrate was concentrated into an opaque under reduced pressure. The crude 
product was extracted from this opaque by hexane (50 mL), washed by deionized water 
(50 mL × 3) and dried over with anhydrous magnesium sulfate. After removing the 
solvent under reduced pressure, the residue was dried in vacuum to give a crude target 
product 2-9 (2.6 g, yield in 90%) as red oil. Because the product was unstable in the air, it 
was directly used in following reaction without further purification. 1H NMR (300 MHz, 
CDCl3) δ ppm = 6.49 (s, 2H), 3.38 (t, J = 6.6 Hz, 4H), 3.26 (d, J = 6.1 Hz, 4H), 2.46 (t, J 
= 7.8 Hz, 4H), 1.70-1.50 (m, 6H), 1.26 (m, 88H), 0.88 (t, J = 6.9 Hz, 12H); 13C NMR 
(75.5 MHz, CDCl3) δ ppm = 132.5, 132.2, 117.8, 74.3, 71.1, 38.2, 31.9, 31.4, 30.1, 29.7, 
29.4, 26.8, 26.3, 22.7, 14.1; MALDI-TOF MS: 953.461 [M + H]+; Calculated exact mass: 
952.966. 
Compound 2-11 
Compound 2-10 (877.0 mg, 3.0mmol) was quickly added into a flask containing dry 
diamine 2-9 (2.9 g, 3.0 mmol) with stirring under the protection of nitrogen. Oxygen free 
DMF (20mL) was then added into the mixture in 1 min. The system was allowed to stir at 
room temperature overnight. The reaction mixture was extracted by hexane (50 mL), 
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washed by deionized water (50 mL × 5) and dried over with anhydrous magnesium 
sulfate. After removing the solvent under reduced pressure, the mixture was separated by 
silica gel column to give a pure product 2-11 (1.3 g, yield in 37%) as black gel-like solid 
(red in solvent). 1H NMR (300 MHz, CDCl3) δ ppm = 8.58 (br, 2H), 7.39 (s, 2H), 6.36 (s, 
2H), 3.39 (t, J = 6.3 Hz, 4H), 3.28 (d, J = 6.0 Hz, 4H), 2.38 (m, 4H), 1.58-1.56 (m, 6H), 
1.42-1.25 (m, 88H), 0.87 (t, J = 6.8 Hz, 12H); 13C NMR (75.5 MHz, CDCl3) δ ppm = 
146.1, 141.5, 139.3, 137.9, 126.3, 119.6, 116.3, 74.3, 70.9, 38.2, 31.9, 31.4, 30.6, 30.1, 
29.7, 29.6, 29.4, 26.8, 26.3, 22.7, 14.1; MALDI-TOF MS: 1171.005 [M + 2H]+; 
Calculated exact mass: 1168.958; Anal. Calcd for C72H124N6O6: C, 73.93; H, 10.68; N, 
7.18; found: C, 74.36; H, 10.49; N, 7.01. 
Compound 2-12 
DDQ (24.0 mg, 0.106 mmol) was charged into a solution of compound 2-11 (113.0 mg, 
0.097 mmol) in dry THF (5 mL) under the protection of nitrogen. The solution was then 
stirred at room temperature overnight. After removing the solvent under reduced pressure, 
the mixture was separated by silica gel column (hexane: EA = 10: 1) to give a pure 
product 2-12 (70.0 mg, 62%) as deep red gel. 1H NMR (300 MHz, CDCl3) δ: 8.98 (s, 2H), 
8.13 (s, 2H), 3.43 (t, J = 6.0 Hz, 4H), 3.28 (d, J = 5.7 Hz, 4H), 2.96 (t, J = 7.5 Hz, 4H), 
1.87 (m, 4H), 1.70-1.60 (m, 10H), 1.22 (m, 80H), 0.84 (m, 12H); 13C NMR (75.5 MHz, 
CDCl3) δ: 152.8, 149.5, 145.1, 144.6, 143.8, 128.6, 127.6, 74.4, 70.7, 38.2, 33.4, 31.9, 
31.4, 30.1, 29.6, 29.4, 29.3, 26.8, 26.3, 22.6, 14.0, 0.95; MALDI-TOF MS: 1172.169 
[M+5H]+; Calculated exact mass: 1166.942; Anal. Calcd for C72H122N6O6: C, 74.05; H, 
10.53; N, 7.20; found: C, 74.36; H, 10.43; N, 6.73. 
Diamino compound 2-13 
Palladium (on active carbon, 20 mg) was added into a solution of compound 2-11 or 2-12 
(150.0 mg, 0.128 mmol) in THF (3 mL) and ethanol (1 mL). The system was maintained 
48 
 
under hydrogen with stirring at room temperature overnight. The mixture was filtered 
through a bed of Celite under the protection of nitrogen and the Celite bed was washed by 
oxygen free hexane (20 mL). The solvent was removed under reduced pressure and the 
residue was dried in vacuum to give a crude product 2-13 (123.0 mg, yield in 82 %) as 
brown solid. The product was sensitive to oxygen and directly used for the following 
reaction without further purification. MALDI-TOF MS: 1112.211 [M + 3H]+; Calculated 
exact mass: 1109.010. 
Compound 2-1a 
An oxygen-free mixed solvent of 1,4-dioxane (1 mL) and acetic acid (4 mL) was charged 
into a flask contented with diamino compound 2-13 (123.0 mg, 0.12 mmol) and 
compound 2-14a (10.4 mg, 0.04 mmol) under the protection of nitrogen. Then the system 
was stirred at 135 °C overnight. After being cooled to ambient temperature, the solvent 
was removed under reduced pressure to give a residue. Flash silica gel column 
chromatography (eluent: THF) was done to primarily purify the product. The obtained 
product was dissolved in THF and then precipitated from ethanol. The purification 
procedure was repeated for three times to obtain the pure product 2-1a (77.0 mg, yield in 
80%) as black solid (blood red in solvent).1H NMR (300 MHz, CDCl3-TFA-d1) δ ppm = 
9.81 (d, J = 7.8 Hz, 4H), 8.57 (t, J = 7.8 Hz, 2H), 8.20 (s, 4H), 7.47 (s, 4H), 3.78 (m, 8H), 
3.65 (m, 8H), 2.82 (m, 8H), 1.79-1.61 (m, 28H), 1.35 (m, 160H), 0.92 (m, 24H); 13C 
NMR (125 MHz, CDCl3-TFA-d1) δ ppm = 146.7, 139.9, 138.3, 137.8, 136.0, 130.9, 
130.8, 129.3, 128.3, 125.0, 121.6, 109.0, 75.5, 71.7, 37.7, 33.1, 32.3, 31.2, 30.8, 30.4, 
30.0, 29.8, 28.9, 26.9, 26.3, 23.0, 13.8; MALDI-TOF MS: 2410.795 [M + H]+; Calculated 
exact mass: 2409.007; Anal. Calcd for C160H254N12O4: C, 79.75; H, 10.62; N, 6.97; found: 





The procedure is same to that of 2-1a. Compound 2-1b was obtained as black solid (blood 
red in solvent, yield in 59%) 1H NMR (300 MHz, CDCl3-TFA-d1) δ ppm = 9.78 (s, 4H), 
8.08 (s, 4H), 7.42 (s, 4H), 3.75 (t, J = 6.6 Hz, 8H), 3.62 (d, J = 6.3 Hz, 8H), 2.83 (m, 8H), 
1.73-1.57 (m, 46H), 1.33 (m, 160H), 0.91 (m, 24H);  13C NMR (125 MHz, CDCl3-TFA-d1) 
δ ppm = 155.7, 146.4, 139.8, 138.4, 137.9, 135.6, 129.2, 128.5, 126.5, 124.5, 121.6, 109.0, 
75.5, 71.7, 37.7, 36.7, 33.0, 32.3, 31.2 , 31.0, 30.8, 30.3, 30.0,.29.9, 29.7, 28.9, 26.8, 26.2, 
22.9, 13.8; MALDI-TOF MS: 2522.911 [M + H]+; Calculated exact mass: 2521.133; 
Anal. Calcd for C168H270N12O4: C, 80.01; H, 10.79; N, 6.66; found: C, 79.65; H, 10.68; N, 
6.48. 
Compound 2-2 
The procedure is same to that of 2-1a. Compound 2-2 was obtained as black solid (purple 
in solvent, yield in 70%) 1H NMR (500 MHz, CDCl3-TFA-d1) δ ppm = 7.97 (s, 6H), 7.42 
(s, 6H), 3.72 (t, J = 7.0 Hz, 12H), 3.58 (d, J = 7.0 Hz, 12H), 2.80 (m, 12H), 1.72-1.31 (m, 
282H), 0.90 (m, 36H). 13C NMR (125 MHz, CDCl3-TFA-d1) δ ppm = 146.6, 142.1, 139.5, 
137.4, 135.6, 130.0, 121.8, 109.9, 75.3, 71.5, 37.6, 32.9, 32.1, 31.1, 30.6, 30.2, 29.9, 29.8, 
29.6, 28.7, 26.7, 26.1, 22.8, 13.8, 13.7. ; MALDI-TOF MS: 3389.592 [M + H]+; 
Calculated exact mass: 3388.942; Anal. Calcd for C222H372N18O6: C, 78.67; H, 11.06; N, 
7.44; found: C, 78.81; H, 11.30; N, 7.54. 
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Synthesis of Bisacenaphthopyrazinoquinoxaline Derivatives for 
n-Type Organic Semiconductors 
3.1 Introduction 
In Chapter 1, we have reviewed the early synthesized aza-acenes, but most of them 
were not evaluated as semiconducting materials. Recently, the interesting work on 
silylethynylated N-heteropentacenes caught our attention (see 1-38a,b and 1-39a,b in 
Chart 1.14).1 Two of those structures lead to high-performance n-channel OFETs (as 
vacuum-deposited films) with field effect mobilities exceeding 1.0 cm2·V-1s-1, indicating 
a promising perspective of aza-acene based semiconducting materials. Thus, this chapter 
further describes the development of solution-processable pyraziacene derivatives. 
Pyrazinacenes with high pyrazine unit density are hard to obtain because they are 
very sensitive to even weak nucelophiles.2 Incorporation of other electron-withdrawing 
group into a pyrazinacene is therefore efficient for a higher electron affinity.1,3 In Chapter 
1, we have shown that fused five-membered ring can lower the LUMO energy level of an 
acene framework due to its tendency to accept an electron through aromatic 4n+2 
stabilization. Furthermore, introduction of five-membered ring also causes a two-
dimensional fusion, which further stabilizes the π-system. Stable and soluble acene 
derivatives containing both pyrazine units and five-membered rings are hence interesting. 
They can be achieved through a condensation reaction between diamines and 
acenaphthylenequinone (see Chart 3.1a). To ensure sufficient solubility of the final 
products, the flexible aliphatic chains need to be attached on the acenaphthylenequinone. 
However, it is hard to prepare an alkylated acenaphthylenequinone. Early acylation 
54 
 
strategy can only attach one alkyl chain in a low yield, resulting in an asymmetric 
molecule (see Chart 3.1b).4 The synthesis of symmetric dialkylated acenaphthylene-
quinone was however not reported yet. The symmetry can control the regularity of further 
















Chart 3.1 (a) Acenaphthopyrazine derivative; (b) acylation strategy to give mono-
alkylated acenaphthylenequinone. 
In this chapter, we developed a synthetic route to first obtain 5,6-ditetradecyl 
acenaphthylenequinone (see 3-1 in Chart 3.2). Based on this key building block, the 
symmetric alkylated bisacenaphthopyrazinoquinoxaline (BAPQ) (see 3-2 in Chart 3.2) 
was smoothly prepared. As an analogue of 5,7,12,14-tetraazapentacene, BAPQ has a 
larger area for packing, a slightly lower LUMO energy level, a much higher stability,5 but 
an increased reorganization energy in principle.6 However, it has not attracted any 
attention from the semiconductor researchers up to now. Herein, two BAPQ based 
candidates 3-3 and 3-4 were synthesized. Two types of solubilizing functional groups 
were adopted to improve the solubility: (i) aggregation-suppressing bulky (phenyl) group, 
and (ii) flexible aliphatic chain. The cyano groups in compound 3-4, serving as π-
acceptors, were expected to further lower the LUMO energy level and reduce the 
reorganization energy.7 The target compounds have good stability and solubility. Their 
photophysical, electrochemical properties and thermal behaviors were studied; and n-




































Chart 3.2 Structures of 5,6-ditetradecyl acenaphthylenequinone 3-1 and BAPQ 
derivatives 3-2 to 3-4. 
 
3.2 Synthesis and Characterization 
3.2.1 Synthesis of Dialkylated Acenaphthylenequinone 
The synthesis of 5,6-ditetradecyl acenaphthylenequinone 3-1 is shown in Scheme 3.1. 
It started from the bromination of acenaphthene 3-5 to give 5,6-dibromo acenaphthene 3-
6 in 29% yield.8a,b The dibromide 3-6 was then oxidized by CrO3 to obtain 5,6-dibromo 
acenaphthylenequinone 3-7 in 78% yield.8c Protection of the carbonyl groups in 3-7 by 
ethylene glycol gave compound 3-8 in 45% yield. Subsequent Hagihara-Sonogashira 
coupling between 3-8 and tetradec-1-yne gave compound 3-9 in 77% yield. 
Hydrogenation of the alkyne groups in compound 3-9 was then conducted by hydrazine 
over Pd/C to afford the dialkylated compound 3-10 in 34% yield. Here, Kumada coupling 
reaction was also attempted to directly prepare compound 3-10 from 3-8 by using 
saturated aliphatic Griganrd reagent, but resulted in a failure due to the steric hindrance 
caused by the two closed bromo groups. The p-toluenesulfonic acid-catalyzed 
deprotection of compound 3-10 was finally conducted in a mixed solvent (water, 
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acetonitrile and DCM) to give the valuable dialkylated acenaphthylenequinone 3-1 as 
yellow crystal in equivalent yield. 
 
Scheme 3.1 Synthetic route of 5,6-ditetradecyl acenaphthylenequinone 3-1. 
3.2.2 Synthesis of Bisacenaphthopyrazinoquinoxaline Derivatives 
The synthesis of BAPQ derivatives 3-2 to 3-4 is shown in Scheme 3.2. Compound 3-
2 was obtained through the acid-catalyzed condensation between dialkylated 
acenaphthylenequinone 3-1 and tetraamine 3-119 in 70% yield. The synthesis of 
compounds 3-3 and 3-4 started from the Stille coupling between 4,7-dibromo-5,6-
dinitrobenzothiadiazole 3-1210 and 4-nonylphenyl(trimethyl)stannane 3-1311 to give 
compound 3-14 in 71% yield. Reduction of 3-14 by Zn/HOAc system led to an air-
sensitive tetraamine 3-15, which was in situ reacted with the following quinone 3-16 (or 
3-1712) to give BAPQ derivative 3-3 (or 3-4) in a total yield of 46% (or 13%). The 
procedure from 3-14 to 3-3 was a one-pot reaction without the purification of 
intermediate 3-18. However, the separation of intermediate 3-19 was necessary for further 
reaction, but its yield was low (~28%). The reason was due to the decomposition of cyano 
group by Zn/HOAc system and the incomplete reduction of 3-14. The condensation 
between 3-19 and 3-17 finally give a pure 3-4 in 48% yield. 
57 
 
The chemical structures of BAPQ derivatives 3-2 to 3-4 were elucidated by using 
NMR, MALDI-TOF mass spectrometry, and elemental analysis (see experimental 
section). Because of the strong aggregation, compound 3-2 has a poor solubility in any 
solvent at room temperature, but it can be dissolved in hot toluene. Compound 3-3 is well 
dissolved in chlorinated or aromatic solvents, and compound 3-4 shows a good solubility 
in chlorobenzene. The 1H NMR spectra of these new BAPQ derivatives, measured in 
chloroform-d1 or in tetrachloroethane-d2 at 75 oC, are shown in Figure 3.1. The MALDI-
TOF mass spectra show molecular ion peaks with m/z at 1217.240 [M + 2H]+, 837.657 











































3-3: X = H (46% based on two steps)
3-4: X = CN (48%)
3-18: X = H







3-16: X = H
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R = tetradecyl
 




































































































































































































































































































































































































































































































































































































































3.3 Photophysical and Electrochemical Properties 
The UV-Vis absorption and fluorescence spectra recorded in dilute toluene solution 
and a thin film are shown in Figure 3.3 and the data are summarized in Table 3.1. At a 
concentration of 1.0 × 10-5 M, compound 3-2 shows a broad intense absorption band with 
maximums (λmax) at 348/391 nm and a long tail to the near-IR region, which is consistent 
to the spectrum of 3-2 in thin film form. This similarity is caused by the strong tendency 
of 3-2 to form aggregates in solvent. However, compound 3-3 (or 3-4) just displays a 
narrow intense absorption band with λmax at 376 nm (or 397 nm) under the same 
conditions due to the suppressed aggregation by the peri-substituted phenyl groups. In 
thin films, the absorption spectra of 3-3 and 3-4 both significantly become broader with 
long tails to the near-IR region and show slight hypsochromic shifts (at λmax) compared to 
that in solutions, indicating strong intermolecular associations in films. Compounds 3-3 
and 3-4 show sharp fluorescence spectra (at 1.0 × 10-6 M in toluene) with emission 
maximums at 538 nm and 579 nm respectively. The fluorescence quantum yields are 
~15% for 3-3 and ~33% for 3-4 (Rhodamine 6G as reference). Meanwhile, 3-2 exhibits 
no detectable fluorescence, although it shares the same framework structure with 3-3. 
This further demonstrates the formation of aggregates of 3-2 in solution, which quenches 
the fluorescence. In the solid state, no fluorescence can be observed for all of these 






































































Figure 3.3 (a) Normalized UV-vis absorption (left) and fluorescence (right) spectra of 3-2 
to 3-4 in toluene. (b) Normalized UV-vis absorption spectra of 3-2 to 3-4 in thin films. 
 
Table 3.1 Summary of photophysical and electrochemical properties of 3-2 to 3-4.a 
a. HOMO and LUMO energy levels were determined from the first oxidation and 
reduction wave onsets according to the equations: HOMO = – (4.8 + Eoxonset) eV and 
LUMO = – (4.8 + Eredonset) eV;13 b. calculated according to the equation: HOMO = 
LUMO – Egopt; c. in dilute toluene solution (1.0 × 10-5 M); d. in dilute toluene solution 
(1.0 × 10-6 M); e. in a thin film. 
Cyclic voltammetry (CV) measurements were conducted in chlorobenzene (see 
Figure 3.4) and the data are summarized in Table 3.1. Although the voltammogram of 
compound 3-2 was recorded at elevated temperature (80 oC), only weak redox waves 
were obtained due to the strong aggregation. For compound 3-3, two pairs of pyrazine-
based reversible reduction waves and one naphthalene-based irreversible oxidization 
wave were observed with a band gap of 2.44 eV. Compound 3-4, as a structure designed 
for high electron affinity, exhibits four pairs of reversible reduction waves. The 

















3-2 -5.26  -3.27 1.99 - 348/391 24300 - 390 
3-3 -5.71 -3.27 2.44 2.37 376 237600 538 366 
3-4 b-6.03 -3.78 - 2.25 397 155000 579 390 
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-3.78 eV for cyanide 3-4. They all exceed the suggested value (< -3.15 eV) to allow an n-
channel field effect.14  
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Figure 3.4 Cyclic voltammograms (with corresponding differential pulse voltammetry 
waves at redox positions) of (a) 3-2 (recorded at 80 oC), (b) 3-3, and (c) 3-4. 
These BAPQ derivatives were computationally studied at the B3LYP/6-31G* level 
theory15 by using Gaussian 09.16 All the solubilizing chains were displaced by ethyl 
groups to simplify the calculation. The geometries of these molecules were fully 
optimized in gas phase using the default convergence criteria without any constraints and 
confirmed by frequency calculations. The LUMO orbitals (see Figures 3.5a,b) of 
compounds 3-2 and 3-3 are mainly distributed in the centered aza-anthracene moiety. 
Owing to the four strong π-electron withdrawing cyano groups, the LUMO distribution of 
3-4 is mainly localized in the two side parts of central benzene ring (Figure 3.5c). 
According to the hopping model principle,17 the prerequisite of charge hopping from one 
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molecule to another is the overlap (electronic coupling) between HOMOs (for hole 
transport) or LUMOs (for electron transport). To achieve a strong electronic coupling, the 
distribution of corresponding frontier orbital must “match” the intermolecular packing 
mode. Due to the existence of bulky phenyl substitutes in compounds 3-3 and 3-4, the 
naphthalene moieties of both sides are supposed as the area for intermolecular packing. 
Therefore, the LUMO distribution of 3-4 may favor the intermolecular electronic 
coupling in solid state. The HOMO orbital of 3-2 is homogenously distributed, while it is 
mainly localized at the central phenyl benzene ring for compounds 3-3 and 3-4. The 
partial separated frontier orbital profiles of 3-4 indicate significant intramolecular charge 
transfer character. This is the reason why the absorption and emission spectra of 
compound 3-4 show an obvious red-shift compared to that of 3-3. Accordingly, 








Figure 3.5 HOMO (up) and LUMO (down) distributions of BAPQ derivatives (a) 3-2, (b) 
3-3 and (c) 3-4. 
 
3.4 Thermal Behavior 
The thermal stability was determined by using thermogravimetric analysis (TGA) in 
nitrogen gas at a heating rate of 10 oC/min. The decomposition temperatures (Td, 
corresponding to the 5% weight loss) for compounds 3-2, 3-3, and 3-4 were at 397, 384, 
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and 306 oC respectively (see Figure 3.6a). Differential scanning calorimetry (DSC) 
curves were recorded at a heating rate of 10 oC/min and showed endothermic transitions 
at ~240 oC for 3-2, ~300 oC for 3-3 upon heating (Figures 3.6b,c), which have been 
confirmed as melting points by using polarizing optical microscopy (POM). Compound 
3-3 also exhibited another weaker endothermic transition (glass transition) at ~260 oC 
before its melting point (Figure 3.6c). POM measurement disclosed that 3-3 entered an 
anisotropic phase at ~290 oC upon heating and a crystalline texture could be observed 
(Figure 3.6d). Compound 3-4 showed no phase transition from room temperature to Td. 
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Figure 3.6 (a) TGA curves of compouds 3-2 to 3-4 (at a heating rate of 10 oC/min in N2). 
DSC curves of (b) 3-2, and (c) 3-3 (at a heating rate of 10 oC/min in N2). (d) POM image 





3.5 Field-Effect Mobility 
OFETs were fabricated based on thin films of compounds 3-2 to 3-4, but only the 
thin film of 3-4 showed FET activity. Bottom-gate top-contact FETs were fabricated on 
p+-Si/SiO2 substrates by casting a solution of 3-4 in chlorobenzene (0.15 wt%) onto 
octadecyltrichlorosilane (OTS) treated substrates. Au source and drain electrodes (80 nm) 
were patterned on the organic layer through a shadow mask. The as-spun thin film 
devices were characterized in a N2 atmosphere or in air. The typical transfer and output 
curves measured in N2 are shown in Figure 3.7. The device operated in the n-channel 
region and revealed an average charge carrier mobility of 0.005 cm2V-1s-1 in the 
saturation region. The current on/off ratio was about 104, and threshold voltage was 
around 10 V. When the device was exposed to air, it still showed an electron mobility of 
0.001 cm2V-1s-1, indicating a relatively good air stability. This behavior may be due to the 
cyano groups in 3-4 which enhance the intermolecular associations in the solid state 
through H-bonds, resulting in a dense packing which leads to a good dynamic stability.7,18 
The thin film morphology and solid state microstructure were characterized by the use of 
tapping-mode atomic force microscopy (AFM) and 2D X-ray diffraction (XRD). The thin 
film exhibited small needle-like crystals but with a scatter of grains with a size larger than 
several microns (see Figures 3.8c, roughness: 18.1 nm). The XRD pattern (Figures 3.9c) 
exhibited one major reflection in the small angle region (2θ = 4.27o, d-value = 20.7 Å), 
one weak reflection (2θ = 8.53o, d-value = 10.4 Å), and a halo at the wide angle region 
(2θ > 25o), indicating a dense layer-like packing of the molecules on the substrate. 
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Figure 3.7 (a) Output, and (b) transfer characteristics of FET devices fabricated by casting 




Figure 3.8 AFM images (top: height mode; bottom: amplitude mode) of the solution-cast 















































Figure 3.9 XRD patterns of the solution-cast thin film of (a) 3-2, (b) 3-3, and (c) 3-4 on 
an OTS modified SiO2 substrate. 
The AFM measurement on the thin film of 3-2 (casting from chlorobenzene solution) 
displayed an inhomogeneous morphology with a high roughness of 70.5 nm (Figure 3.8a). 
The reason may be attributed to the poor solubility of 3-2 at room temperature, which 
hinders the generation of a homogenous film. XRD pattern of the film only showed one 
weak reflection at 2θ = 6.55o (d-value = 13.5 Å) (Figure 3.9a), indicating a disordered 
structure. AFM image of the thin film of 3-3 was much more homogenous. It exhibited 
large plate-like crystals and gave a surface roughness of 5.92 nm (Figure 3.8b). However, 
the corresponding XRD pattern only showed one sharp reflection peak at 2θ = 4.80o (d-
value = 18.4 Å, see Figure 3.9b), and the intermolecular packing structure can not be 
determined. The low molecular order in 3-2 and 3-3 may explain their FET inactivity. 
As a comparison, the solution-cast films of Miao’s N-heteropentacene (see 1-38b in 
Chart 1.14) exhibited an electron mobility of only 0.003 cm2V-1s-1 in nitrogen gas (no 
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FET activity in air), although the mobility could be up to 3.3 cm2V-1s-1 when it was 
measured from the vacuum-deposited films in nitrogen gas.1a,b This work has given us the 
confidence to further optimize the molecular structure of 3-4 and device fabrication for an 




In summary, a route was developed to first synthesize the dialkylated 
acenaphthylenequinone 3-1, followed by a series of BAPQ derivatives 3-2 to 3-4. 
Compared with the reported mono-alkylated acenaphthylenequinone, our dialkylated one 
is symmetric and hence can control the regularity of further products. This advantage is 
crucial in achieving an ordered packing in the solid state.  
The BAPQ based derivatives 3-2 to 3-4 were investigated as semiconductor 
candidates. Compared with the attachment of aliphatic chains, peri-substitution with 
bulky functional groups is a more efficient way to improve the solubility of those highly 
aggregated pyrazinacene compounds. Owing to the four cyano groups, compound 3-4 
shows a very low-lying LUMO, improved LUMO distribution and reduced inner 
reorganization energy.7 An n-channel field effect mobility of 0.005 cm2·V-1·s-1 in 
nitrogen gas (0.001 cm2·V-1·s-1 in air) was measured from the solution-cast films of 3-4. 
This also represents one of the few examples of pyrazinacenes showing FET activity 
through solution processing. Further optimization can be done by altering the solubilizing 
functional groups and the device fabrication technique. Specifically, the molecules 
attached with small-size solubilizing functional groups can be designed for the OFETs 
fabricated by vacuum-deposition technique. The fluorinated alkyl chains can be 
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introduced for a denser packing. Overall, this work opens up a new avenue for developing 
pyrazinacene based semiconducting materials. 
 
3.7 Experimental Section 
3.7.1 General 
1H NMR and 13C NMR spectra were recorded on a Bruker DRX‐300 MHz 
spectrometer or DRX‐500 MHz spectrometer in CDCl3 or CDCl2CDCl2. All chemical 
shifts are quoted in ppm, relative to tetramethylsilane; the residual solvent peak as a 
reference standard. MALDI-TOF mass spectra were recorded on a Bruker MALDI mass 
spectrometer with 1,8,9‐trihydroxy anthracene as matrix. UV‐Vis absorption spectra were 
recorded on a SHIMADZU UV-1700 UV-Vis spectrophtometer. Cyclic voltammograms 
were performed on a CH Instrument 620C electrochemical analyzer with a three-
electrode cell in a solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) 
dissolved in HPLC grade chlorobenzene and a scan rate of 50 mV s-1. A gold electrode 
with a diameter of 2 mm, a Pt wire and a AgCl/Ag electrode were used as the working 
electrode, counter electrode and reference electrode, respectively. The potential was then 
calibrated against the ferrocenium/ferrocence couple. TGA and DSC measurements were 
performed at a heating rate of 10 oC/min under nitrogen flow on a TA Instrments SDT 
2960 and a METTLER TOLEDO DSC1 respectively. POM platform was the OLYMPUS 
BX51, cooperated with a LINKAM TP94 as thermal control. Tapping-mode Atomic 
Force Microscopy (TM-AFM) was performed on a Nanoscope V microscope (Veeco 
Inc.). X-ray diffraction (XRD) pattern of the thin film was measured on a Bruker-AXS 
D8 DISCOVER with GADDS X-ray diffractometer. Copper Kα line was used as a 
radiation source with λ = 1.5406 Å. 
70 
 
3.7.2 Device Fabrication 
Top-contact, bottom-gate TFT devices were prepared on the p+ silicon wafer. And 
200 nm thermal SiO2 layer serves as the gate dielectric. The SiO2/Si substrate was cleaned 
with acetone and isopropanol, then immerse in a piranha solution for 8 minutes, followed 
by rinsing with deionized water, and then re-immersed in a 3 mM solution of 
octadecyltrichlorosilane (OTS) in hexadecane at rt for 16 hrs. in N2. It was then rinsed 
with CHCl3, IPA, DI water and then blow dried with nitrogen gas. The semiconductor 
layer was deposited on top of the OTS-modified dielectric surface by solution-casting 
from the solution of 3-4 in chlorobenzene (0.15 wt%). Subsequently, gold source/drain 
electrodes were deposited by thermal evaporation through a metal shadow mask to create 
a series of FETs with channel (W = 1 mm, L = 100 nm). The FET devices were then 
characterized using a Keithley SCS-4200 semiconductor parameter analyzer in the N2 
glovebox or in air. To minimize leakage currents, small trenches in the thin film around 
the electrodes were created with a needle. The FET mobility was extracted using the 
following equation in the saturation regime from the gate sweep: ID = W/(2L)Ciμ(VG - 
VT)2, where ID is the drain current, μ is the field-effect mobility, Ci is the capacitance per 
unit area of the gate dielectric layer (SiO2, 200 nm, Ci = 17 nF cm-2), and VG and VT are 
gate voltage and threshold voltage, respectively. W and L are respectively channel width 
and length. 
3.7.3 Synthesis 
Anhydrous tetrahydrofuran (THF) was obtained by distillation with sodium. All other 
chemicals were purchased from commercial supplies and used without further 
purification. 5,6-Dibromoacenaphthylene (3-3)8a,b, 1,2,4,5-tetraaminobenzene tetra-
hydrochloride 3-11,9 4,7-dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole 3-12,10 aryl 
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(trimethyl)stannanes 3-13,11 and 5,6-dicyano acenaphthylenequinone 3-1712 were 
prepared according to the reported methods. 
5,6-Dibromoacenaphthylenequinone (3-7) 
The direct use of solid CrO3 solid (reference 8c) resulted in a dangerous violent reaction. 
Herein, a solution of CrO3 in acetic anhydride has been utilized to improve this reaction. 
A solution of CrO3 (27.30 g, 273.0 mmol) in acetic anhydride (200 mL) was slowly added 
into a solution of 5,6-dibromoacenaphthylene 3-6 (11.78 g, 37.75 mmol) in acetic 
anhydride (200 mL) with stirring at 110 oC. In this procedure, the addition rate must be 
carefully controlled. The system was then stirred at 160 oC for half an hour. After cooling 
to room temperature, the green mixture was poured into 400 g crashed ice. Filtration was 
done to collect the residue which was washed by water, ethanol and hexane to obtain the 
product 3-7 as a light brown solid (10.09 g, yield in 78%). 1H NMR (500 MHz, CDCl3) δ 
ppm = 8.27 (br, 2H), 7.93 (br, 2H). 
1,2-Di(1,3-dioxolan-2-yl)-5,6-dibromoacenaphthylene (3-8) 
A suspension of 5,6-dibromoacenaphthylenequinone 3-7 (11.80 g, 34.71 mmol), ethylene 
glycol (30 mL) and 4-methylbenzenesulfonic acid (1.20 g, 6.94 mmol) in dry toluene 
(100 mL) was refluxed for three days. The resulting water was removed from the reaction 
by means of water separator. More ethylene glycol (30 mL) and 4-methylbenzenesulfonic 
acid (1.20 g, 6.94 mmol) were added into the reaction mixture every 24 hrs. After the 
reaction was completed, the solvent was evaporated and the crude product was extracted 
from the residue by chloroform (50 mL × 6). Chloroform was removed under reduced 
pressure to obtain a crude product, which was washed by ethanol to afford a light brown 
compound 3-8 (6.79 g, yield in 45%). 1H NMR (500 MHz, CDCl3) δ ppm = 8.01 (d, J = 
7.6 Hz, 2H), 7.40 (d, J = 7.6 Hz, 2H), 4.17 (m, 4H), 3.69 (m, 4H); 13C NMR (125 MHz, 
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CDCl3) δ ppm = 138.4, 138.1, 136.2, 127.7, 120.9, 119.3, 97.9, 61.7; Anal. Calcd for 
C16H12Br2O4: C, 44.89; H, 2.83; found: C, 44.92; H, 2.73. 
1,2-Di(1,3-dioxolan-2-yl)-5,6-di(tetradec-1-ynyl)acenaphthylene (3-9) 
Tetradec-1-yne (3.8 g, 19.62 mmol) was injected into a suspension of compound 3-8 (3.5 
g, 8.18 mmol), Pd(PPh3)2Cl2 (288 mg, 0.41 mmol), CuI (156 mg, 0.82 mmol) and 
triethylamine (4.1 g, 40.88 mmol) in dry THF (20mL) under the protection of argon. The 
mixture was stirred at 75 oC for two days. After cooling to room temperature, the mixture 
was extracted by ethyl acetate (EA) (50 mL × 3), subsequently washed by deionized 
water (50 mL × 2) and dried over with anhydrous magnesium sulphate. EA was removed 
under reduced pressure to obtain a crude product which was then separated by silica gel 
column (diluted by hexane: EA = 15: 1) to give a pure compound 3-9 (4.1 g, yield in 77%) 
as white crystal. 1H NMR (300 MHz, CDCl3) δ ppm = 7.74 (d, J = 7.2 Hz, 2H), 7.46 (d, J 
= 7.2 Hz, 2H), 4.15 (m, 4H), 3.69 (m, 4H), 2.52 (t, J = 7.1 Hz, 4H), 1.67 (m, 4H), 1.46 (m, 
4H), 1.27 (m, 32H), 0.88 (t, J = 6.9 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ ppm = 137.1, 
135.9, 135.4, 129.5, 121.5, 119.1, 98.4, 97.4, 79.7, 61.7, 31.9, 29.7, 29.6, 29.3, 29.2, 28.9, 
22.7, 20.3, 14.1; Anal. Calcd for C44H62O4: C, 80.69; H, 9.54; found: C, 80.38; H, 9.56; 
MALDI-TOF MS: 655.340 [M + H]+; Calculated exact mass: 654.465. 
1,2-Di(1,3-dioxolan-2-yl)-5,6-ditetradecylacenaphthylenequinone (3-10) 
Palladium (on active carbon, 400 mg) was added into a suspension of compound 3-9 
(2.79 g, 4.26 mmol) in ethanol (250 mL) and hydrazine monohydrate (30 mL). The 
mixture was then stirred at reflux temperature under the protection of argon for two days. 
After cooling to room temperature, the mixture was filtered off through a bed of Celite to 
obtain the filtrate. The organic solvent was removed under reduced pressure to form an 
opaque or suspension of crude product in hydrazine hydrate. It was extracted by hexane 
or EA (50 mL × 2) then washed by water (30 mL × 5). Recrystallization from hexane / 
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EA / ethanol was done to obtain compound 3-10 (970 mg, yield in 34%) as clear white 
crystal. 1H NMR (500 MHz, CDCl3) δ ppm = 7.45 (d, J = 7.0 Hz, 2H), 7.39 (d, J = 7.0 Hz, 
2H), 4.17 (m, 4H), 3.71 (m, 4H), 3.09 (t, J = 7.6 Hz, 4H), 1.66 (m, 4H), 1.46 (m, 4H), 
1.34-1.26 (m, 40H), 0.88 (t, J = 7.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ ppm = 140. 
5, 137.5, 136.0, 130.1, 129.0, 118.8, 98.6, 61.7, 36.1, 33.4, 31.9, 29.8, 29.7, 29.6, 29.5, 
29.4, 22.7, 14.1; Anal. Calcd for C44H70O4: C, 79.71; H, 10.64; found: C, 79.34; H, 10.98; 
MALDI-TOF MS: 663.424 [M + H]+; Calculated exact mass: 662.527. 
5,6-Ditetradecylacenaphthylenequinone (3-1) 
A solution of 4-methylbenzenesulfonic acid (2.5 g, 14.5 mmol) in acetonitrile (22 mL) 
and water (7 mL) was added into the solution of compound 3-7 (960 mg, 1.45 mmol) in 
dichloromethane (DCM). The mixture was then stirred at 80 oC overnight. After cooling 
to room temperature, the organic solvent (DCM and acetonitrile) was removed under 
reduced pressure. Filtration was done to collect the residue, washed by water to obtain a 
pure compound 3-1 (yield in 100%) as yellow solid. 1H NMR (500 MHz, CDCl3) δ ppm 
= 8.01 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 7.6 Hz, 2H), 3.24 (t, J = 7.6 Hz, 4H), 1.71 (m, 4H), 
1.49 (m, 4H), 1.35-1.26 (m, 40H), 0.88 (t, J = 6.9 Hz, 6H); 13C NMR (125 MHz, CDCl3) 
δ ppm = 188.8, 148.4, 148.3, 130.6, 129.0, 128.2, 121.8, 37.0, 33.0, 31.9, 29.7, 29.6, 29.5, 
29.3, 22.7, 14.1; Anal. Calcd for C40H62O2: C, 83.56; H, 10.87; found: C, 83.32; H, 10.64; 
MALDI-TOF MS: 575.311 [M + H]+; Calculated exact mass: 574.475. 
Bis(3,4-ditetradecyl acenaphtho)pyrazinoquinoxaline (3-2) 
5,6-Ditetradecylacenaphthylenequinone 3-1 (150 mg, 0.26 mmol) and 1,2,4,5-
tetraaminobenzene tetrahydrochloride 3-11 (32 mg, 0.11 mmol) were mixed together in 
oxygen free acetic acid. The mixture was then stirred at 60 oC for 3 hrs. under the 
protection of argon. After cooling to room temperature, the reaction mixture was filtrated 
off to collect the yellow solid which was then washed by chloroform and ethanol. 
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Recrystallization from toluene was carried out to obtain a pure product 3-2 (100 mg, yield 
in 70%). 1H NMR (500 MHz, CDCl2CDCl2, 75 oC) δ ppm = 9.07 (s, 2H), 8.47 (d, J = 7.5 
Hz, 4H), 7.74 (d, J = 7.5 Hz, 4H), 3.40 (t, J = 7.5 Hz, 8H), 1.90 (m, 8H), 1.61 (m, 8H), 
0.96 (m, 80H), 0.95 (t, J = 6.5 Hz, 12H); ); 13C NMR (125 MHz, CDCl2CDCl2, 75 oC) δ 
ppm = 130.6, 128.8, 121.5, 36.3, 32.7, 31.6, 29.5, 29.4, 29.3, 29.0, 22.3, 13.6; Anal. 
Calcd for C86H126N4: C, 84.95; H, 10.44; N, 4.61; found: C, 84.73; H, 10.21; N, 4.79; 
MALDI-TOF MS: 1217.240 [M + 2H]+; Calculated exact mass: 1214.998. 
5,6-Dinitro-4,7-bis(4-nonylphenyl)benzo[c][1,2,5]thiadiazole (3-14) 
Pb(PPh3)4 (58 mg, 0.051 mmol) was added into a solution of 4,7-dibromo-5,6-
dinitrobenzo[c][1,2,5]thiadiazole 3-12 (197 mg, 0.51 mmol) and 4-
nonylphenyl(trimethyl)stannane 3-13 (754 mg, 2.05 mmol) in dry THF (10 mL) under the 
protection of argon. The mixture was stirred at 75 oC for 20 hrs. After cooling to room 
temperature, the reaction mixture was treated with a solution of KF in methanol. The 
mixture was extracted by EA (15 mL × 3) then washed by deionized water (30 mL × 2) 
and dried over with anhydrous magnesium sulphate. After the solvent was removed under 
reduced pressure, the residue was separated by silica gel column (diluted by hexane: EA 
= 20: 1) to obtain a pure compound 3-14 (230 mg, yield in 71%) as yellow solid. 1H 
NMR (500 MHz, CDCl3) δ ppm = 7.49 (d, J = 8.2 Hz, 4H), 7.37 (d, J = 8.2 Hz, 4H), 2.71 
(t, J = 7.6 Hz, 4H), 1.69 (m, 4H), 1.40-1.29 (m, 24H), 0.89 (t, J = 7.6 Hz, 6H); 13C NMR 
(125 MHz, CDCl3) δ ppm = 153.1, 145.7, 142.5, 129.1, 129.0, 128.9, 127.6, 35.9, 31.9, 
31.1, 29.5, 29.4, 29.3, 22.7, 14.1; Anal. Calcd for C36H46N4O4S: C, 68.54; H, 7.35; N, 
8.88; S, 5.08; found: C, 68.44; H, 7.24; N, 8.54; S, 4.84; MALDI-TOF MS: 630.401 [M]-; 





Zn powder (207 mg, 3.2 mmol) was added into a suspension of compound 3-14 (100 mg, 
0.16 mmol) in oxygen free acetic acid (8 mL). The mixture was then stirred at 65 oC 
under the protection of argon to generate tetraamine 3-15. After 1 hr., the reaction 
mixture became a white suspension. It was allowed to be stirred at the same temperature 
for several more hours until nearly all the Zn powder was consumed. The suspension was 
then cooled to room temperature for the charge of acenaphthylenequinone 3-16 (29 mg, 
0.16 mmol) and the mixture was stirred for 30 mins to generate the intermediate diamine 
3-18. Without further separation or purification, the mixture was charged with another 
equivalent of 3-16 (29 mg, 0.16 mmol) and then stirred at 60 oC for 3 hrs. After cooling to 
room temperature, the mixture was filtered off to collect the residue which was washed 
by ethanol. Further purification through silica gel column (diluted by hexane: chloroform 
= 2: 1) was done to obtain a pure product 3-3 (62 mg, yield in 46%) as orange solid. 1H 
NMR (500 MHz, CDCl3) δ ppm = 8.31 (d, J = 7.0 Hz, 4H), 8.05 (d, J = 7.6 Hz, 4H), 7.85 
(d, J = 8.2 Hz, 4H), 7.78 (dd, J1 = 7.0 Hz, J2 = 8.2 Hz, 4H), 7.50 (d, J = 7.6 Hz, 4H), 2.89 
(t, J = 7.6 Hz, 4H), 1.89 (m, 4H), 1.50-1.35 (m, 24H), 0.93 (t, J = 7.0 Hz, 6H); 13C NMR 
(125 MHz, CDCl3) δ ppm = 153.9, 141.9, 139.3, 138.3, 138.2, 133.8, 132.8, 132.1,130.1, 
129.3, 128.5, 127.1, 122.2, 36.1, 32.0, 31.6, 29.7, 29.4, 22.7, 14.1; Anal. Calcd for 
C60H58N4: C, 86.29; H, 7.00; N, 6.71; found: C, 86.23; H, 7.01; N, 6.63; MALDI-TOF 
MS: 837.657 [M + 3H]+; Calculated exact mass: 834.466. 
3,4-Dicyano-8,11-Bis(4-nonylphenyl)acenaphtho[1,2-b]quinoxaline-9,10-diamine  
(3-19) 
Zn powder (100 mg, 1.52 mmol) was added into a suspension of compound 3-14 (40 mg, 
0.0634 mmol) in oxygen free acetic acid (3 mL). The mixture was then stirred at 65 oC 
under the protection of argon to generate tetraamine 3-15. After 3 hrs., the suspension 
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was cooled to room temperature. 0.7 Equivalent of 5,6-dicyano acenaphthylenequinone 3-
17 (10 mg, 0.0444 mmol) was charged and the mixture was then stirred for 30 mins to 
generate the intermediate diamine 3-19. After mixing with water, the mixture was filtered 
off to obtain a residue. The crude product was extracted from above residue by 
chloroform and then purified by silica gel column (diluted by pure chloroform) to obtain a 
crude 3-19 (13 mg, yield in ~28 %) as brown solid. This compound was not stable enough 
to be exposed to air for long time. MALDI-TOF MS: 738.840 [M]-; Calculated exact 
mass: 738.441. 
Bis(3,4-dicyano acenaphtho)-9,10-bis(4-nonylphenyl)pyrazinoquinoxaline (3-4) 
A suspension of fresh prepared intermediate diamine 3-19 (13 mg, 0.0176 mmol) and 5,6-
dicyano acenaphthylenequinone 3-17 (4 mg, 0.0176 mmol) in oxygen free acetic acid (3 
mL) was stirred at 60 oC under the protection of argon for 3 hrs. After cooling to room 
temperature, the mixture was filtered off to collect the residue which was washed by 
ethanol. Further purification through silica gel column (chlorobenzene : THF = 100 : 1) 
was done to obtain a pure product 3-4 (8 mg, yield in 48%) as dark red solid (light yellow 
in solvent). 1H NMR (500 MHz, CDCl2CDCl2, 75 oC) δ ppm = 8.39 (d, J = 7.5 Hz, 4H), 
8.34 (d, J = 7.5 Hz, 4H), 7.78 (d, J = 7.5 Hz, 4H), 7.52 (d, J = 7.5 Hz, 4H), 2.92 (t, J = 8.0 
Hz, 4H), 1.93 (m, 4H), 1.60-1.39 (m, 24H), 0.96 (t, J = 7.0 Hz, 6H); 13C NMR (125 MHz, 
CDCl2CDCl2, 75 oC) δ ppm = 152.3, 139.0, 136.9, 133.4, 126.9, 122.3, 115.2, 110.2, 35.9, 
31.8, 31.1, 29.5, 29.2, 22.5, 13.9; Anal. Calcd for C64H54N8: C, 82.20; H, 5.82; N, 11.98; 
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Synthesis of Soluble and Stable Longer Acene Derivatives 
Based on the cis-Emeraldicene 
4.1 Introduction 
In Chapter 1, we have shown the stabilization of two-dimensional fusion on an acene 
framework. Five-membered ring is a good moiety to realize this two-dimensional fusion 
because its electron-deficient nature can offer an extra property of lowered LUMO energy 
level, which is also mentioned in Section 1.4. Currently, the acene derivatives, with five-
membered ring(s) externally fused, include fluoranthene, indeno-[1,2,3cd]fluoranthene, 
rubicene,1 cyclopenta[hi]aceanthrylenes and dicylopenta[de,mn]-tetracenes.2 As a 
heterocyclic analogue of rubicene, dithiarubicene is named as emeraldicene (see Chart 4.1) 
due to its green emerald color, which was first prepared by Smet in 1999.3 Compared 
with other five-membered rings fused acenes, emeraldicene exhibits a narrower band gap 
owing to its charge transfer character. It plays a significant role in the materials for light-
emitting diodes (OLEDs), organic field-effect transistors (OFETs), photovoltaic cell, and 
sensors.4 The dibromo-emeraldicene, as a monomer, has also been used in constructing 







emeraldicene (cis)  
Chart 4.1 Rubicene and emeraldicene (dithiarubicene). 
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In principle, emeraldicene should have an isomer (see cis-emeraldicene in Chart 4.1) 
which may possess interesting properties and the potential value in constructing more 
complicated derivatives owing to its symmetry. Up to now, all developed persistent 
nonacenes are stabilized by the electron-withdrawing groups and bulky groups through 
single bonds (see Chart 1.6 in Chapter 1). The strategy of fusion with five-numbered ring 
has not been applied to any longer acenes. In this chapter, we start by introducing the 
synthesis of soluble and stable cis-emeraldicene 4-1 and its extended derivative 4-2 (see 
Chart 4.2). Their preliminary photophysical and electrochemical properties were also 
studied. Based on the successful synthesis of 4-1 and 4-2, a synthetic route of the five-
membered-ring fused nonacene 4-3 was attempted. In the structure of 4-3, thiophene units 
and the 8,19-postions of the acene framework are functionalized with aliphatic chains and 
triisopropylsilyl (TIPS) acetylene groups, respectively. These functional groups tune the 
solubility of this nonacene derivative. The electron deficient five-membered rings and 
TIPS acetylene groups in compound 4-3 both block the reactive sites at the zig-zag edges 
of nonacene core. Moreover, the delocalization of electrons to the externally-fused five-
membered rings and peri-substituted acetylene groups further reduce the electron density 
along the acene core. The proposed nonacene derivative 4-3 is therefore expected to 



















4-1 4-2 4-3R = 3,7-dimethyloctyl  
Chart 4.2 Structures of cis-emeraldicene and its longer derivatives 
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4.2 Cis-Emeraldicene and Its Extended Derivative 
4.2.1 Synthesis and Characterization 
The synthesis of cis-emeraldicene 4-1 and its extended derivative 4-2 is shown in 
Scheme 4.1. 3,7-Dimethyloctyl chains were attached on thiophene rings to improve the 
solubility in hexane. The key building blocks are 6,11-dichlorotetraquinone 4-76 and 1,4-
dichloroanthraquinone 4-8,7 whose Cl-atoms play a role of locator in the final 
intramolecular Heck reaction to realize the cis conformation. 6,11-Dichlorotetraquinone 
4-7 was prepared through the following route. An acylation reaction between 
naphthalene-1,4-diol 4-4 and phthalic anhydride 4-5 was carried out with boric oxide as a 
Lewis acid to give 6,11-dihydroxytetraquinone 4-6 in 55% yield. Compound 4-6 
underwent the chlorination by phosphorus pentachloride, followed by the dechlorination 
by sulfuric acid to afford 4-7 in 95% yield. 
Dichloroquinones 4-7 and 4-8 were reacted with the lithium reagent, prepared from 
thiophene 4-9a8 or 4-9b, to generate diols 4-10a, 4-10b, and 4-11 in 76%, 99%, and 92% 
yields respectively. Heating was necessary for these reactions, and no reaction happened 
if they were conducted at room temperature in either THF or ether. The following 
reduction-dehydration reactions of those diols (4-10a,b and 4-11), by the use of 
NaBH3CN/ZnI2 system,3 resulted in low yields. The yields are 40% for 4-12a, 36% for 4-
12b, and 10% for 4-13, respectively. The reason is the formation of ketone byproducts 
through a migration procedure.3,9 Other reaction conditions such as SnCl2 and Zn/HCl 
were also tried, but they all failed. The palladium acetate-catalyzed Heck coupling 
reactions10 of compounds 4-12a, 4-12b, and 4-13 were finally carried out. The reaction 
with non-alkylated 4-12a gave an insoluble black solid which was hard to purify and 
characterize. Cis-emeraldicene 4-1 was successfully synthesized in 28% yield from its 
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precursor 4-12b. Meanwhile, a crude mono-coupling product 4-14 was also separated 
(yield: ~30%), which can be further reacted to afford 4-1. The reason for this incomplete 
reaction was presumably due to the structural tension hindrance caused by the cis 
conformation of 4-1. However, a similar reaction of compound 4-13, under the same 
conditions, resulted in a mixture of 4-2 and mono-coupling product 4-15 in a low total 
yield (~10%). Most of 4-13 was decomposed during the reaction. Only a little amount of 



































4-10a, n = 0, R = H, 76%
4-10b, n = 0, R = R1, 99%
4-11  , n = 1, R = R1, 92%
4-12a, n = 0, R = H, 40%
4-12b, n = 0, R =R1, 36%








4-1, n = 0, 28%







4-14, n = 0, ~30%





4-7, n = 1















Scheme 4.1 Synthetic route of cis-emeraldicene 4-1 and its extended derivative 4-2. 
The chemical structures of 4-1 and 4-2 were elucidated by using NMR and MALDI-
TOF mass spectrometry (see experimental section). They both possess a good solubility 
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in chlorinated solvents and hexane. The 1H NMR spectra of these new emeraldicene 
derivatives, measured in chloroform-d1, are shown in Figure 4.1. For compound 4-1, the 
resonance signal of the H-atom, marked as ‘a’ (see Figure 4.1a), is located at the higher 
field (< 6.5 ppm). As a contrast, the chemical shift of the corresponding H-atom in the 
reported emaldicene is higher than 7.3 ppm.10 This demonstrates a less aromatic 
anthracene core in cis-emeraldicene due to the structural tension. The MALDI-TOF mass 
spectra show molecular ion peaks with m/z at 618.418 [M]+ and 668.359 [M]+ for 4-1 and 

































































































































































































































































































































































































































Figure 4.2 MALDI-TOF mass spectra [M]+ of (a) 4-1, and (b) 4-2. 
4.2.2 Properties and Discussion 
Cis-emeraldicene 4-1 is a dark green solid that provides a green emerald-colored 
solution, just like its isomer, emeraldicene. The extended derivative 4-2 is a deep blue 
solid and its solution shows a blue to purple color. The UV-Vis absorption spectra of 4-1 
and 4-2 recorded in both solution and a thin film are shown in Figure 4.3, and the data are 
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summarized in Table 4.1. In dichloromethane (DCM) solution, cis-emeraldicene 4-1 
exhibits three main sets of absorption bands: (i) a prominent band centered at 276 nm; (ii) 
a medium range band with fine structure from 380 to 530 nm; and (iii) a broad charge 
transfer (CT) band from 530 nm to the near-IR region (Figure 4.3a). Under the same 
conditions, the absorption bands of 4-2 are similar to that of 4-1, but with a red shift of 
~130 nm due to the extended π-system. Moreover, 4-2 displays a weaker CT band 
compared with that of 4-1, which is also much weaker than that of the reported 
emeraldicene.10 It can be concluded that the stronger structural tension results in a weaker 
CT band. In thin films, the absorption spectrum of 4-1 does not show much difference 
from that in solution, only the corresponding fine structure becomes somewhat unobvious. 
For 4-2, the three main bands fuse together and the fine structure completely disappears, 
indicating a much stronger intermolecular association in the thin film. There is no 
detectable fluorescence for both 4-1 and 4-2 due to their intramolecular charge transfer 
character. 






















































Figure 4.3 UV-Vis absorption spectra of 4-1 and 4-2 (a) at a concentration of 6 × 10-5 M 
in DCM, and (b) in thin films. 
Cyclic voltammetry (CV) measurements were conducted in DCM at room 
temperature (see Figure 4.4) and the data are summarized in Table 4.1. Compounds 4-1 
and 4-2 both exhibit two quasi-reversible reduction waves, and three irreversible 
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oxidation waves. The determined HOMO energy levels are -4.88 eV for 4-1 and -4.71 for 
4-2, LUMO energy levels are -3.42 eV for 4-1 and -3.70 eV for 4-2, respectively. 
Compared to the reported emeraldicene, compound 4-1, as an isomer, has a similar 
LUMO energy level but a higher-lying HOMO energy level (see Table 4.1). Compared to 
4-1, the longer 4-2 has a higher HOMO and a lower LUMO energy level, i.e. a much 
more narrow band gap (~1.0 eV) due to the extended π-conjugation system. This property 
of frontier orbitals suggests considerable potential in the ambipolar applications. As a 
comparison, the HOMO / LUMO energy levels of anthracene and tetracene are -5.2/-1.6 
eV12 and -5.4/-2.7 eV,13 respectively. The external fusion with five-membered ring on the 
acene core significantly elevates the HOMO and lowers the LUMO due to the 
intramolecular charge transfer effect. 
Table 4.1 Summary of photophysical and electrochemical properties of 4-1 and 4-2.ɑ 
Compd. HOMO / eV LUMO / eV Eg / eV Egopt / eV λmax / nm ε / cm-1M-1 
bRef -5.30 -3.50 1.80    
4-1 -4.88 -3.42 1.46 1.26 474c, 731d 11667 
4-2 -4.71 -3.70 1.01 - 601c, 801d 15400 
ɑ. HOMO and LUMO energy levels were determined from the first oxidation and 
reduction wave onset according to the equations: HOMO = -(4.8 + Eoxonset) eV and 
LUMO = -(4.8 + Eredonset) eV.11 b. The electrochemical data of reported emeraldicene are 
provided for comparison.10 c. λmax at the medium range band with fine structure (380-530 
nm for 4-1, 490-680 nm for 4-2). d. at the charge transfer band. 
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Figure 4.4 Cyclic voltammograms (with corresponding differential pulse voltammetry 
waves at redox positions) of (a) 4-1, and (b) 4-2. 
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The photostability of these emeraldicene derivatives 4-1 and 4-2 in toluene was 
investigated vs their counterparts, anthracene and tetracene, respectively. The solutions 
were exposed to a 100 W white light source with a distance of 15 cm. The photo-induced 
degradation was quantified by monitoring the decrease of the absorbance at λmax as a 
function of photolysis time (Figure 4.5a). For example, upon irradiation, the toluene 
solution of compound 4-2 gradually decomposed with a decrease of the optical intensity 
at the medium range band (490-680 nm, see Figure 4.5b). The corresponding half-life 
time (t1/2) is > 80 hours, which is much higher than that of tetracene under the same 
conditions (only 16 mins). For the smaller 4-1, its photostability is also slightly better 
than the opponent, anthracene. These results have given us the motivation to synthesize 
the longer stable acene derivatives based on cis-emeraldicene. 
(a) (b)






























































Figure 4.5 (a) Time-dependent optical density at the corresponding λmax of anthracene 
(359 nm), tetracene (474 nm), 4-1 (474 nm), and 4-2 (601 nm) at a concentration of 3 × 
10-5 M in toluene under ambient conditions when exposed to a 100 W white light source 
(distance: 15 cm). (b) Time-dependent UV-Vis absorption spectra of 4-2.  
 
4.3 Synthetic Attempt for the Soluble and Stable Nonacene Derivative Based on cis-
Emeraldicene 
Based on the successful synthesis of cis-emeraldicene 4-1 and its extended derivative 
4-2, a synthetic route has been suggested to achieve the soluble and stable nonacene 
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derivative 4-3 via the “sides to center” strategy (see Scheme 4.2). 2,3-Dimethyl-1,4-
dichloroanthraquinone 4-16 is the first building block to be synthesized, followed by the 
synthesis of furan-1-ol 4-17. These steps were tedious and the synthesis was not pursued 
further because of limited time. Theoretically, compound 4-17 can be treated with acetic 
acid and then in situ react with benzoquinone, followed by a dehydration reaction, to 
afford the key intermediate nonacenequinone 4-18. This quinone can be further 









































R = 3,7-dimethyl octyl
 
Scheme 4.2 Proposed route of nonacene 4-3. 
The synthesis of 2,3-dimethyl-1,4-dichloroanthraquinone 4-16 is shown in Scheme 
4.3. It started from the dimethylation of 2,5-dichloro-3,4-diiodothiophene 4-1914 to give 
2,5-dichloro-3,4-dimethylthiophene 4-2014 in 94% yield. Compound 4-20 was then 
treated with m-CPBA to form the oxidization product 2,5-dichloro-3,4-dimethyl 
thiophene-S-oxide which in situ underwent a Diels-Alder reaction with 
naphthalenequinone 4-21 to give the desiring product 4-16 in only 9% yield and a 
byproduct 4-22 in an unexpected high yield of 31%. These two products were found 
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generated simultaneously after a series of carefully controlled reactions with different 
equivalents of m-CPBA. This result showed the necessity of developing a route from 
byproduct 4-22 to the useful compound 4-16, which was realized by a two-step synthesis 
in 72% yield, including the chlorination by phosphorus pentachloride and the subsequent 
dechlorination by sulfuric acid. However, chlorination was found on the benzylmethyl 
position in 4-22, resulting in the existence of compound 4-23 (6%~30%). The reason was 
due to the chlorine gas generated by the decomposition of phosphorus pentachloride. 
Fortunately, 4-23 can be selectively and quantitatively dechlorinated by a SnCl2/Mg 
system in 10 mins under ambient conditions to afford 4-16. Above reactions can be 
conducted without the separation of 4-22 or 4-23, and the total synthetic yield was 27%. 
 
Scheme 4.3 Synthetic route of 2,3-dimethyl-1,4-dichloroanthraquinone 4-16. 
The following synthesis of furan-1-ol 4-17 is shown in Scheme 4.4. Bromination on 
the benzylmethyl positions in 2,3-dimethyl-1,4-dichloroanthraquinone 4-16 gave 
dibromide 4-24 in a high yield (95%) owing to the electron-deficient nature of compound 
4-16, which improved the selectivity of this bromination reaction. A nucleophilic 
substitution of the bromo groups in 4-24 by sodium acetate was carried out at 80 oC to 
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generate acetate 4-25 in 81% yield. Hydrolysis of 4-25 by sodium hydroxide resulted in a 
crude diol 4-26 with a low solubility, and it was hence directly used in the following 
reaction without further purification. The protection of crude 4-26 by tert-butyl diphenyl 
silyl (TBDPS) chloride was then conducted to afford compound 4-27 in 43% yield based 
on two steps. Compound 4-27 could be reacted with the lithium reagent, prepared from 
thiophene 4-9a, at 55 oC to give diol 4-28 in a high yield (91%) with the survival of 
TBDPS groups as expected. The reduction-dehydration reaction of 4-28 gave a crude 4-
29 resulted in a low yield (~20%). It is due to the formation of ketone byproduct through 
a migration procedure which is also mentioned in Section 4.2.1. Moreover, compound 4-
29 was hard to purify, and only a little amount of pure sample was obtained for 
characterization. Direct intramolecular Heck coupling of 4-29 did not work, presumably 
due to the steric hindrance caused by the bulky TBDPS groups. Deprotection of crude 4-
29 by TBAF gave the corresponding diol 4-30 in 8% yield based on two steps. The 
oxidization of 4-30 by PCC resulted in two products: (i) the lactone type 4-31 with an 
unexpected higher yield (42%), and (ii) the desiring furan-1-ol type 4-17 (12%). Due to 
limited time and the minute amount of obtained compounds 4-17 and 4-31, the synthetic 
attempt for nonacene derivative 4-3 paused here. Other members in the group are going to 
continue this challenging work. Although the yield of 4-17 was low, byproduct 4-31 can 
be further quantitatively reduced by using DIBAL-H to afford more 4-17, which is an 




Scheme 4.4 Synthetic route of the key intermediate 4-17. 
The proposed synthetic route for the target compound 4-3 from 4-17 is shown in 
Scheme 4.5. Compound 4-17 can be treated with acetic acid to form an isoanthrofuran 
intermediate, which will in situ undergo a two-fold Diels-Alder reaction with 
benzoquinone.15 The resulting dual cycloaddition product 4-32 will be dehydrated by 
using p-toluenesulfonic acid/toluene system in a Dean-Stark apparatus to give the key 
nonacenequinone 4-18. Direct intramolecular Heck coupling of 4-18 will be carried out to 
generate 4-33 which can be further reacted with Grinard reagent, followed by a reduction-



















































































In summary, soluble and stable cis-emeraldicene 4-1 and its extended derivative 4-2 
were synthesized. Cis-emeraldicene 4-1 possesses a higher-lying HOMO and a 
significantly narrower band gap compared with its reported isomer. The extended cis-
emeraldicene derivative 4-2 exhibits a LUMO energy level as low as -3.7 eV and a band 
gap as narrow as 1.0 eV, suggesting its considerable potential in ambipolar applications. 
These two emeraldicene derivatives both have an enhanced photostability compared to 
their counterparts, anthracene and tetracene, respectively. The Future work includes the 
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improvement of synthetic yield and device fabrication. For instance, the yield of 
compound 4-2 might be improved by using other Pd catalysts. The good solubility of 4-1 
and 4-2 in common organic solvents reveals the possibility of preparing homogeneous 
spin-coated films for OFET. Based on the successful synthesis of above two shorter 
emeraldicene derivatives, one synthetic route was proposed and attempted to explore a 
novel persistent nonacene derivative stabilized by the fusion with five-membered rings 
(compound 4-3). The key intermediate, furan-1-ol 4-17, has been obtained. The synthesis 
is quite challenging, but it may open a new approach to prepare the stable large π-system 
once this route is successful. 
 
4.5 Experimental Section 
4.5.1 General 
1H NMR and 13C NMR spectra were recorded on a Bruker DRX-300 MHz or DRX-
500 MHz spectrometer in CDCl3 or DMSO-d6. All chemical shifts are quoted in ppm, 
relative to tetramethylsilane; the residual solvent peak is used as a reference standard. 
MALDI-TOF mass spectra were recorded on a Bruker MALDI mass spectrometer with 
1,8,9-trihydroxy anthracene as the matrix. UV-Vis absorption spectra were recorded on a 
SHIMADZU UV-1700 UV-Vis spectrophotometer. Cyclic voltammograms were 
performed on a CH Instrument 620C electrochemical analyzer with a three-electrode cell 
in a solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) dissolved in 
HPLC grade DCM and a scan rate of 50mV s-1. A gold electrode with a diameter of 2 mm, 
a Pt wire and a AgCl/Ag electrode were used as the working electrode, counter electrode 





Anhydrous tetrahydrofuran (THF) and ether were obtained by distillation with 
sodium. ZnI2 was purified by washing with anhydrous ether. All other chemicals were 
purchased from commercial supplies and used without further purification. 1,4-Dichloro-
9,10-anthracene (4-8),7 4-(3,7-dimethyloctyl)thiophene (4-9a)8 and 2,5-dichloro-3,4-
diiodo-thiophene (4-19)14 were prepared according to the reported methods. 
6,11-Dihydroxytetra-5,12-quinone (4-6) 
This is a known compound but without a detailed synthetic procedure. The full 
characterization data can be found in reference 6b. A mixture of naphthalene-1,4-diol 4-4 
(3.2 g, 0.02 mol), phthalic anhydride 4-5 (4.6 g, 0.0312 mol) and boric oxide (2.2 g, 
0.0313 mol) was heated to 175 oC. The mixture became a red liquid and was stirred at the 
same temperature until the red liquid turned into a solid. 20 mL water was then charged 
into the reaction system when the temperature was lowered to 90°C. This water 
suspension was stirred at 100 oC for 1 hr. After cooling to room temperature, the 
suspension was filtered off to collect the red residue. This residue was then washed by 
water, hexane and acetone in turns to give the product 4-6 as pink solid (3.24 g, 55%). 1H 
NMR (300 MHz, CDCl3) δ ppm = 8.50 (m, 4H), 7.84 (m, 4H).  
6,11-Dichloro-5,12-tetraquinone (4-7) 
This is a known compound but without a detailed synthetic procedure. The full 
characterization data can be found in reference 6b. A mixture of compound 4-6 (1.472 g, 
4.5 mmol) and PCl5 (5.622 g, 27 mmol) was stirred at 160 oC for 2 hrs. After cooling to 
room temperature, the reaction mixture was treated with 5 mL acetic acid to give a yellow 
suspension. This suspension was then poured into 200 mL ice-water. Filtration was 
carried out to collect the intermediate compound as a yellow residue which was washed 
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by water and dried in vacuum box at 50 oC. Above intermediate was dissolved in 7.5 mL 
H2SO4 (95%); the release of HCl gas could be observed and the solution turned black 
immediately. This black solution was stirred at 60 oC for 1 hr., and then poured into 100 g 
crashed ice to give a pale-yellow suspension. Filtration was carried out to collect the 
residue which was washed by EA to give the product as a flesh-colored solid (1.4 g, 95%). 
1H NMR (500 MHz, CDCl3) δ ppm = 8.77 (m, 2H), 8.23 (m, 2H), 7.87 (m, 2H), 7.80 (m, 
2H). 
1,4-Dichloro-9,10-di(thiophen-2-yl)anthracene-9,10-diol (4-10a) 
To a solution of thiophene 4-9b (261 mg, 3.096 mmol) in anhydrous THF (7 mL), n-BuLi 
(1.6 M in hexane, 2 mL) was injected at -78 oC under the protection of Argon. The system 
was stirred at this temperature for 30 mins. After the system was heated to room 
temperature, compound 4-8 (143 mg, 0.516 mmol) was charged. The system was then 
stirred at 55 oC for 2 hrs. After cooling to room temperature, the reaction mixture was 
treated with saturated NH4Cl solution (20 mL). The product was extracted by EA (10 mL 
× 3), washed by water (20 mL × 3) and dried over with anhydrous magnesium sulfate. 
After the solvent was removed under reduced pressure, the products mixture was 
separated by silica gel column (diluted by hexane: DCM = 1: 1) to give two isomers (160 
mg in total, 76%). The less polar isomer A was a white-grey solid; 1H NMR (300 MHz, 
CDCl3) δ ppm = 7.76 (m, 2H), 7.38 (s, 2H), 7.23 (m, 2H), 7.17 (m, 2H), 6.83 (m, 2H), 
6.73 (m, 2H); ); 13C NMR (125 MHz, CDCl3) δ ppm = 153.6, 139.0, 135.6, 133.7, 132.7, 
128.2, 128.0, 126.6, 124.4, 124.2, 73.78. Isomer B was a gel with light-red color; 1H 
NMR (300 MHz, CDCl3) δ ppm = 7.92 (m, 2H), 7.43 (s, 2H), 7.32 (m, 2H), 7.19 (m, 2H), 
6.86-6.82 (m, 4H), 4.59 (s, 2H); 13C NMR (125 MHz, CDCl3) δ ppm = 152.0, 138.7, 





The procedure is same to that of 4-10a. Compound 4-10b has two isomers and was 
obtained in 99% yield in total. The less polar isomer A was a glassy gel; 1H NMR (500 
MHz, CDCl3) δ ppm = 7.77 (m, 2H), 7.23 (m, 2H), 7.36 (s, 2H), 6.54 (m, 2H), 6.49 (d, J 
= 3.8 Hz, 2H), 4.60 (s, 2H), 2.73-2.66 (m, 4H), 1.61 (m, 2H), 1.51 (m, 2H), 1.42 (m, 4H), 
1.26 (m, 6H), 1.12 (m, 6H), 0.87-0.85 (m, 18); 13C NMR (125 MHz, CDCl3) δ ppm = 
150.4, 145.6, 139.1, 135.8, 133.7, 132.5, 128.1, 127.9, 123.6, 123.1, 73.7, 39.2, 38.7, 37.0, 
32.4, 32.3, 27.9, 27.7, 24.7, 22.7, 22.6, 19.5. Isomer B was a white solid; 1H NMR (500 
MHz, CDCl3) δ ppm = 7.94 (m, 2H), 7.41 (s, 2H), 7.33 (m, 2H), 6.53 (m, 2H), 6.44 (d, J 
= 2.0 Hz, 2H), 2.73-2.66 (m, 4H), 1.60 (m, 2H), 1.51 (m, 2H), 1.42 (m, 4H), 1.27 (m, 6H), 
1.12 (m, 6H), 0.88-0.85 (m, 18H); 13C NMR (125 MHz, CDCl3) δ ppm = 148.5, 146.0, 
138.9, 136.1, 133.5, 132.6, 128.2, 127.3, 124.3, 122.9, 73.0, 39.2, 38.7, 37.0, 32.3, 27.9, 
27.7, 24.7, 22.7, 22.6, 19.5. 
6,11-Dichloro-5,12-di(4-(3,7-dimethyloctyl)thiophen-2-yl)tetracene-5,12-diol (4-11) 
The procedure is same to that of 4-10a. Compound 4-11 has two isomers and was 
obtained in 92% yield in total. The less polar isomer A was a red gel; 1H NMR (500 MHz, 
CDCl3) δ ppm = 8.43 (m, 2H), 7.84 (m, 2H), 7.60 (m, 2H), 7.25 (m, 2H), 6.54 (m, 2H), 
6.45 (d, J = 3.2 Hz, 2H), 4.96 (s, 2H), 2.71-2.64 (m, 4H), 1.58 (m, 2H), 1.49 (m, 2H), 
1.40 (m, 4H), 1.25 (m, 6H), 1.10 (m, 6H), 0.86-0.83 (m, 18H);  13C NMR (125 MHz, 
CDCl3) δ ppm = 151.5, 145.2, 136.6, 135.9, 132.7, 132.2, 128.7, 128.1, 128.0, 125.0, 
123.5, 123.0, 74.5, 39.2, 38.6, 37.0, 32.4, 32.3, 27.9, 27.7, 24.7, 22.7, 22.6, 19.5, 19.4. 
Isomer B was a yellow solid; 1H NMR (500 MHz, CDCl3) δ ppm = 8.49 (m, 2H), 8.02 (m, 
2H), 7.69 (m, 2H), 7.35 (m, 2H), 6.50 (m, 2H), 6.45 (d, J = 3.2 Hz, 2H), 4.87 (s, 2H), 
2.71-2.64 (m, 4H), 1.62 (m, 2H), 1.49 (m, 2H), 1.40 (m, 4H), 1.25 (m, 6H), 1.11 (m, 6H), 
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0.87-0.84 (m, 18H);  13C NMR (125 MHz, CDCl3) δ ppm = 149.2, 145.8, 136.4, 136.3, 
132.3, 128.7, 128.2, 127.4, 125.1, 124.4, 122.8, 73.9, 39.2, 38.7, 37.0, 32.4, 32.3, 27.9, 
27.7, 24.6, 22.7, 22.6, 19.5, 19.4; MALDI-TOF MS: 739.437 [M - Cl]+; Calculated exact 
mass: 774.310. 
1,4-Dichloro-9,10-di(thiophen-2-yl)anthracene (4-12a) 
A suspension of compound 4-10a (210 mg, 0.4715 mmol), NaBH3CN (297 mg, 4.715 
mmol) and ZnI2 (467 mg, 1.462 mmol) in 1,2-dichloroethane was stirred at 85 oC under 
the protection of Argon and the prevention from light for 12 hrs. After cooling to room 
temperature, the reaction mixture was found had become a green-yellow suspension. 
Filtration was carried out to remove the insoluble salt. The filtrate was collected for silica 
gel column (diluted by hexane: DCM = 100: 1). A pure product was then obtained as 
yellow-green solid (51 mg, 40%). 1H NMR (300 MHz, CDCl3) δ ppm = 7.91 (m, 2H), 
7.61 (m, 2H), 7.45 (m, 2H), 7.39 (s, 2H), 7.24 (m, 2H), 7.16 (m, 2H); 13C NMR (75 MHz, 
CDCl3) δ ppm = 140.6, 133.0, 131.1, 130.7, 130.2, 129.6, 128.5, 127.3, 127.0, 126.8, 
126.6; MALDI-TOF MS: 409.828 [M]+; Calculated exact mass: 409.976; Anal. Calcd for 
C22H12Cl2S2: C, 64.23; H, 2.94; Cl, 17.24; S, 15.59; found: C, 64.25; H, 3.04; S, 15.70. 
1,4-Dichloro-9,10-di(4-(3,7-dimethyloctyl)thiophen-2-yl)anthracene (4-12b) 
The procedure is same to that of 4-12a. Compound 4-12b was obtained as a greenish-
yellow gel (yield: 36%). 1H NMR (500 MHz, CDCl3) δ ppm = 8.03 (m, 2H), 7.45 (m, 2H), 
7.36 (s, 2H), 6.91 (d, J = 3.2 Hz, 2H), 6.89 (d, J = 3.2 Hz, 2H), 2.99-2.94 (m, 4H), 1.82 
(m, 2H), 1.59 (m, 2H), 1.36 (m, 4H), 1.29 (m, 6H), 1.18 (m, 6H), 0.97 (d, J = 6.3 Hz, 6H), 
0.88 (d, J = 7.0 Hz, 12H); 13C NMR (125 MHz, CDCl3) δ ppm = 148.6, 137.6, 133.0, 
131.1, 130.5, 130.4, 129.6, 128.3, 126.8, 126.7, 123.7, 39.3, 39.1, 37.1, 32.3, 28.0, 27.9, 
24.8, 22.7, 22.6, 19.6; MALDI-TOF MS: 655.427 [M - Cl]+; Calculated exact mass: 
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690.289; Anal. Calcd for C42H52Cl2S2: C, 72.91; H, 7.58; Cl, 10.25; S, 9.27; found: C, 
73.22; H, 7.79; S, 9.42. 
6,11-Dichloro-5,12-di(4-(3,7-dimethyloctyl)thiophen-2-yl)tetracene (4-13) 
The procedure is same to that of 4-12a. Compound 4-13 was obtained as a red gel (yield: 
10%). 1H NMR (300 MHz, CDCl3) δ ppm = 8.46 (m, 2H), 8.09 (m, 2H), 7.49 (m, 2H), 
7.38 (m, 2H), 6.96 (d, J = 3.5 Hz, 2H), 6.92 (d, J = 3.5 Hz, 2H), 2.98 (m, 4H), 1.84 (m, 
2H), 1.81 (m, 2H), 1.36 (m, 4H), 1.26 (m, 6H), 1.19 (m, 6H), 0.98 (d, J = 6.2 Hz, 6H), 
0.89 (d, J = 6.8 Hz, 12H);  13C NMR (75 MHz, CDCl3) δ ppm = 148.8, 139.2, 132.5, 
130.3, 130.0, 129.1, 128.6, 128.3, 127.2, 126.6, 126.5, 125.5, 123.8, 39.3, 39.1, 37.2, 32.3, 
28.0, 24.8, 22.7, 22.6, 19.6; MALDI-TOF MS: 741.416 [M + H]+; Calculated exact mass: 
740.304. 
Cis-emeraldicene (4-1) 
K2CO3 (135 mg, 0.9756 mmol), nBu4NHSO4 (88 mg, 0.2602 mmol) and Pd(OAc)2 (6 mg, 
0.02602 mmol) were charged into a suspension of compound 4-12b (90 mg, 0.1301 mmol) 
in anhydrous and oxygen-free acetonitrile (7 mL). The mixture was then stirred at 90 oC 
for three days under the protection of Argon and the prevention from light. After cooling 
to room temperature, the reaction mixture was extracted by hexane. Removed the solvent 
under reduced pressure, and then the residue was separated by silica gel column (diluted 
by hexane) to give compound 4-1 as a dark green solid (23 mg, 28%). 1H NMR (500 
MHz, CDCl3) δ ppm = 7.31 (m, 2H), 7.09 (m, 2H), 6.48 (s, 2H), 6.46 (s, 2H), 2.72-2.65 
(m, 4H), 1.69 (m, 2H), 1.54 (m, 6H), 1.34 (m, 6H), 1.18 (m, 6H), 0.94 (d, J = 6.3 Hz, 6H), 
0.89 (d, J = 5.7 Hz, 12H); 13C NMR (125 MHz, CDCl3) δ ppm = 150.2, 146.5, 141.8, 
136.6, 134.2, 132.5, 128.7, 126.4, 126.3, 122.3, 118.2, 39.3, 38.6, 37.1, 32.2, 28.5, 28.0, 
24.7, 22.7, 22.6, 19.5; MALDI-TOF MS: 618.418 [M]+; Calculated exact mass: 618.335. 
Anal. Calcd for C42H50S2: C, 81.50; H, 8.14; S, 10.36; found: C, 81.95; H, 8.31; S, 
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10.26.A crude mono-coupling product 4-14 was also separated in ~30% yield. 1H NMR 
(300 MHz, CDCl3) δ ppm = 8.12 (d, J = 9.0 Hz, 1H), 7.93 (d, J = 9.0 Hz, 1H), 7.61-7.36 
(m, 4H), 7.12 (s, 1), 6.88 (m, 2H), 2.96 (m, 4H), 1.83, (m, 2H), 1.58 (m, 6H), 1.36 (m, 
6H), 1.19 (m, 6H), 1.00-0.90 (m, 6H), 0.88 (m, 12H). Compound 4-14 was not pure, only 
1H NMR spectrum was recorded. Its MALDI-TOF MS spectrum was same to that of 4-1, 
indicating a laser-induced coupling reaction. 
Benzo[4,5]-cis-emeraldicene (4-2) 
K2CO3 (268 mg, 1.9408 mmol ), nBu4NHSO4 (176 mg, 0.5175 mmol) and Pd(OAc)2 
(11.6 mg, 0.05175 mmol) were charged into a solution of compound 4-13 (192 mg, 
0.2588 mmol) in anhydrous and oxygen-free 1,4-dioxane/acetonitrile (15 mL, 1: 1). The 
mixture was then stirred at 90 oC under the protection of Argon and the prevention from 
light for 12 hrs. After cooling to room temperature, the reaction mixture was extracted by 
hexane. Removed the solvent under reduced pressure, and then the residue was separated 
by silica gel column (diluted by hexane) to give a crude mixture containing the mono-
coupling product 4-15 (20 mg). This crude product was hard to purify and only little 
amount of pure 4-2 was obtained as a deep blue solid for characterization. 1H NMR (500 
MHz, CDCl3) δ ppm = 7.29 (m, 2H), 7.06 (m, 2H), 6.95 (m, 4H), 6.48 (s, 2H), 2.68-2.60 
(m, 4H), 1.65 (m, 6H), 1.32 (m, 6H), 1.17 (m, 6H), 0.94 (d, J = 6.3 Hz, 6H), 0.88 (d, J = 
7.0 Hz, 12H); 13C NMR (125 MHz, CDCl3) δ ppm = 151.0, 148.3, 134.3, 134.1, 133.0, 
130.8, 129.7, 126.9, 126.6, 126.3, 119.2, 39.3, 38.5, 37.1, 32.2, 28.5, 28.0, 24.7, 22.7, 
22.6, 19.5; MALDI-TOF MS: 668.359 [M]+; Calculated exact mass: 668.351. The 
separated mono-coupling product 4-15 was not pure enough for a resolvable NMR 
spectrum. Its MALDI-TOF MS spectrum was same to that of 4-2, indicating a laser-





It is a known compound but without correct NMR data. We also improved its synthetic 
yield. A solution of 2,5-dichloro-3,4-diiodothiophene 4-19 (4.05 g, 10 mmol) in 
anhydrous ether (20 mL) was slowly injected into a flask containing n-BuLi (12.8 mL, 
1.6 M in hexane) and anhydrous ether (10 mL) at -78 oC with stirring under the protection 
of Argon. After being stirred at this low temperature for 30 mins, the system was 
transferred to an ice-bath to elevate the temperature to 0 oC. Me2SO4 (2.6 g, 20.6 mmol, 
liquid) was then slowly injected into the system over 15 mins. After being stirred at room 
temperature overnight, the reaction mixture was treated with 50 mL 2N NaOH solution. 
After 30 mins, the crude product was extracted by hexane from above mixture, washed by 
water and dried over with anhydrous magnesium sulfate. After the solvent was removed 
under reduced pressure, the crude product was purified by silica gel column (diluted by 
hexane) to give compound 4-20 as a clear liquid (1.7 g, 94%). 1H NMR (500 MHz, 
CDCl3) δ ppm = 2.07 (s, 6H); 13C NMR (125 MHz, CDCl3) δ ppm = 134.0, 120.5, 12.9. 
2,3-Dimethyl-1,4-dichloro-9,10-anthraquinone (4-16) 
To a solution of compounds 4-20 (1.01 g, 5.58 mmol) and 4-21 (970 mg, 6.14 mmol) in 
chloroform with stirring at 75 oC, m-CPBA (6.38 g, 25.89 mmol) was charged by 
partitions. The reaction system was then stirred at 75 oC for 36 hrs. After being cooled to 
room temperature, the mixture was neutralized by saturated Na2CO3 solution. The product 
was then extracted by chloroform (50 mL × 5). Removed the solvent under reduced 
pressure, and the residue was washed by EA. This residue was separated by silica gel 
column (diluted by hexane: chloroform: ether = 7: 2: 0.1) to give a pure compound 4-16 
as yellow solid (159 mg, 9%) and the byproduct 4-22 as orange solid (504 mg, 31%). 
Compound 4-16: 1H NMR (300 MHz, CDCl3) δ ppm = 8.14 (m, 2H), 7.75 (m, 2H), 2.60 
(s, 6H); 13C NMR (125 MHz, CDCl3) δ ppm = 182.7, 144.2, 134.1, 133.8, 133.3, 130.5, 
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126.6, 19.0; EI MS: 304.1 [M]+; Calculated exact mass: 304.006. Compound 4-22: 1H 
NMR (500 MHz, CDCl3) δ ppm = 13.8 (s, 1H), 8.27 (d, J = 7.6 Hz, 2H), 7.78 (m, 2H), 
2.52 (s, 3H), 2.37 (s, 3H); 13C NMR (125 MHz, CDCl3) δ ppm = 188.3, 181.8, 160.3, 
146.9, 134.8, 134.5, 133.6, 132.1, 127.6, 127.4, 126.5, 126.3, 114.5, 18.1, 13.1. A mixture 
of above compound 4-22 (504 mg, 1.76 mmol) and PCl5 (2.20 g, 10.55 mmol) was stirred 
at 160 oC for 2 hrs. After cooling to room temperature, the reaction mixture was treated 
with 2 mL acetic acid to give a yellow suspension. This suspension was then poured into 
100 mL ice-water. Filtration was carried out to collect the intermediate compound as a 
yellow residue which was washed by water and dried in vacuum box at 50 oC. Above 
intermediate was dissolved in 3 mL H2SO4 (95%); the release of HCl gas could be 
observed and the solution turned black immediately. This black solution was stirred at 60 
oC for 1 hr., and then poured into 100 g crashed ice to give a yellow suspension. Filtration 
was carried out to collect the residue which was washed by water to give a crude product. 
This crude product was further purified by silica gel column to obtain compound 4-16 
which was found containing certain amount of byproduct 4-23. This byproduct could be 
selectively dechlorinated by 10 equvalent of SnCl2·H2O/Mg (1:2) in THF (not anhydrous) 
at room temperature in 10 mins.  
2,3-Dibromomethyl-1,4-dichloro-9,10-anthraquinone (4-24) 
To a suspension of compound 4-16 (80 mg, 0.262 mmol) in CCl4 (3 mL) under the 
protection of Argon, BPO (3.2 mg, 0.0131 mmol) was charged, followed by NBS (112 
mg, 0.629 mmmol). The mixture was stirred at 80 oC for 5 hrs. After cooling to room 
temperature, the solvent was removed under reduced pressure. The residue was then 
separated by silica gel column (diluted by hexane: chloroform: ether = 3: 1: 0.5) to give a 
pure product 4-24 as light-yellow solid (112 mg, 95%). 1H NMR (500 MHz, CDCl3) δ 
ppm = 8.15 (m, 2H), 7.79 (m, 2H), 4.91 (s, 4H); 13C NMR (125 MHz, CDCl3) δ ppm = 
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181.8, 143.0, 134.3, 133.9, 132.8, 126.8, 25.7; EI MS: 461.9 [M]+; Calculated exact mass: 
461.825. 
2,3-Diacetoxymethyl-1,4-dichloro-9,10-anthraquinone (4-25) 
Compound 4-24 (1.13 g, 2.44 mmol) was treated with a solution of NaOAc (2.404 g, 29.3 
mmol) and TBAB (1.889 g, 5.86 mmol) in DMF (36 mL). This mixture was then stirred 
at 80 oC for 8 hrs. After cooling to room temperature, the reaction was treated with 70 mL 
water to form a suspension. The crude product was extracted by EA (20 mL × 3) from 
above suspension, followed by the washing with water. The solvent, EA, was then 
removed under reduced pressure to give a residue which was washed by ethanol to afford 
a pure product 4-25 as yellow solid and a filtrate with dark color. This filtrate was further 
purified by silica gel column (diluted by hexane: EA = 6: 1) to give more pure 4-25. The 
total yield was 81%. 1H NMR (300 MHz, CDCl3) δ ppm = 8.15 (m, 2H), 7.79 (m, 2H), 
5.53 (s, 4H), 2.09 (s, 6H); 13C NMR (125 MHz, CDCl3) δ ppm = 182.0, 170.2, 142.0, 
135.1, 134.2, 134.0, 133.2, 126.8, 60.6, 20.6; EI MS: 385.2.0 [M - Cl]+; Calculated exact 
mass: 420.017. 
2,3-Dihydroxylmethyl-1,4-dichloro-9,10-anthraquinone (4-26) 
To a suspension of compound 4-25 (835 mg, 1.98 mmol) in THF (5 mL), water (3 mL) 
and ethanol (20 mL), NaOH (238 mg, 5.95 mmol) was added. After being stirred at room 
temperature overnight, the reaction mixture was treated with 20 mL water. The organic 
solvent was removed under reduced pressure to give a suspension. The crude product was 
then extracted by a mixed solvent (THF: EA = 1: 1) (10 mL × 3) from above suspension, 
followed by the washing with water (10 mL × 3). After the solvent was removed under 
reduced pressure, the residue was dried in vacuum box at 50 oC to give a crude product 4-
26 (625 mg, ~93%) as yellow solid. 1H NMR (500 MHz, DMSO-d6) δ ppm = 8.05 (m, 
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2H), 7.88 (m, 2H), 5.42 (t, J = 5.7 Hz, 2H), 4.91 (d, J = 5.7 Hz, 4H); 13C NMR (125 MHz, 
DMSO-d6) δ ppm = 182.3, 146.7, 134.6, 134.3, 133.5, 132.6, 126.6, 58.1. 
2,3-Di(tert-butyl diphenylsilyoxylmethyl)-1,4-dichloro-9,10-anthraquinone (4-27) 
TBDPS-Cl (1.1 g, 4.0 mmol) was injected into a solution of crude compound 4-26 (625 
mg) and imidazole (749 mg, 11.0 mmol) in anhydrous THF (15 mL). The salt, formed 
from imidazole, separated out immediately. The reaction mixture was then stirred at room 
temperature overnight. After the suspension was poured into 50 mL water, the crude 
product was extracted by EA (20 mL × 3), washed by water (20 mL × 3) and dried over 
with anhydrous magnesium sulfate. The solvent was then removed under reduced 
pressure and the residue was separated by silica gel column (diluted by hexane: EA = 10: 
1) to give a pure product 4-27 as yellow solid (643 mg, 43% based on two steps). 1H 
NMR (500 MHz, CDCl3) δ ppm = 8.13 (m, 2H), 7.77 (m, 2H), 7.54 (d, J = 7.0 Hz, 8H), 
7.36 (t, J = 7.6 Hz, 4H), 7.28 (m, 8H), 0.96 (s, 18H); 13C NMR (125 MHz, CDCl3) δ ppm 
= 182.4, 145.8, 135.6, 134.2, 133.8, 132.9, 132.3, 129.8, 127.6, 126.6, 60.5, 26.8, 19.3; 
MALDI-TOF MS: 332.810 [M - 2TBDPS - H]+; Calculated exact mass: 812.231. 
2,3-Di(tert-butyl diphenylsilyoxylmethyl)-1,4-Dichloro-9,10-di(4-(3,7-dimethyloctyl) 
thiophen-2-yl)anthracene-9,10-diol (4-28) 
The procedure is same to that of 4-10a. Compound 4-28 has two isomers and was 
obtained in a total yield of 91%. The less polar isomer A was a gel like solid; 1H NMR 
(500 MHz, CDCl3) δ ppm = 1.77 (m, 2H), 7.52-7.46 (m, 8H), 7.39-7.35 (m, 4H), 7.28-
7.24 (m, 8H), 7.22 (m, 2H), 6.51-6.5 (m, 4H), 4.89 (s, 2H), 4.86 (m, 4H), 2.72-2.66 (m, 
4H), 1.61 (m, 2H), 1.49 (m, 2H), 1.42 (m, 4H), 1.26 (m, 6H), 1.11 (m, 6H), 0.91 (s, 18H), 
0.86-0.84 (m, 18H); 13C NMR (125 MHz, CDCl3) δ ppm = 151.1, 145.2, 141.0, 138.8, 
135.6, 134.8, 133.3, 133.0, 129.7, 127.9, 127.8, 127.6, 123.4, 123.0, 60.9, 39.3, 38.7, 37.0, 
32.5, 32.4, 27.9, 27.8, 26.7, 24.7, 22.7, 22.6, 19.5, 19.2. Isomer B was a white solid; 1H 
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NMR (500 MHz, CDCl3) δ ppm = 7.92 (m, 2H), 7.52-7.48 (m, 8H), 7.38-7.33 (m, 4H), 
7.30 (m, 2H), 7.28-7.23 (m, 8H), 6.55 (m, 2H), 6.45 (d, J = 3.2 Hz, 2H), 4.96-4.83 (m, 
4H), 4.80 (s, 2H), 2.70 (m, 4H), 1.61 (m, 2H), 1.49 (m, 2H), 1.42 (m, 4H), 1.26 (m, 6H), 
1.11 (m, 6H), 0.92 (s, 18), 0.87 (d, J = 5.7 Hz, 6H), 0.084 (d, J = 7.0 Hz, 12H); 13C NMR 
(125 MHz, CDCl3) δ ppm = 149.5, 145.4, 141.1, 138.4, 135.9, 135.6, 134.8, 134.7, 133.2, 
133.1, 129.7, 127.9, 127.6, 123.9, 122.9, 122.8, 61.0, 39.3, 38.7, 37.0, 32.4, 27.9, 27.7, 
26.7, 24.6, 22.7, 22.6, 19.5, 19.3. 
2,3-Di(tert-butyl diphenylsilyoxylmethyl)-1,4-dichloro-9,10-di(4-(3,7-dimethyloctyl) 
thiophen-2-yl)anthracene (4-29) 
The procedure is same to that of 4-12a. Compound 4-29 was obtained as a greenish-
yellow solid (not pure, crude yield: 20%). This compound was hard to purify and only 
little amount of pure 4-29 was obtained for characterization. The crude sample was 
directly used in the following reaction. 1H NMR (300 MHz, CDCl3) δ ppm = 8.18 (m, 
2H), 7.54 (d, J = 6.6 Hz, 8H), 7.48 (m, 2H), 7.33 (t, J = 7.2 Hz, 4H), 7.23 (m, 8H), 5.14 (s, 
4H), 2.95-2.92 (m, 4H), 1.79 (m, 2H), 1.54 (m, 2H), 1.34 (m, 6H), 1.27 (m, 4H), 1.18 (m, 
6H), 0.98-0.94 (m, 24H), 0.87 (d, J = 6.7 Hz, 12H); 13C NMR (75 MHz, CDCl3) δ ppm = 
148.8, 138.4, 136. 3, 135.6, 133.5, 132.7, 131.1, 130.4, 130.2, 129.9, 129.5, 127.5, 126.6, 
123.7, 61.8, 39.3, 39.1, 37.1, 32.4, 28.0, 27.9, 26.8, 24.7, 22.7, 22.6, 19.6, 19.3; MALDI-
TOF MS: 750.185 [M - 2TBDPS + 2H]+; Calculated exact mass: 1226.545. 
2,3-Dihydroxylmethyl-1,4-dichloro-9,10-di(4-(3,7-dimethyloctyl)thiophen-2-yl) 
anthracene (4-30) 
TBAF (1 M in THF, 0.2 mL) was added into a solution of crude compound 4-29 (121 mg) 
in 0.5 mL THF. The solution was then stirred at room temperature overnight. After the 
solvent was removed under reduced pressure, the residue was separated by silica gel 
column (diluted by hexane: EA = 15: 1) to give a pure product 4-30 as greenish-yellow 
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gel (30 mg, 8% based on two steps). 1H NMR (500 MHz, CDCl3) δ ppm = 8.16 (m, 2H), 
7.49 (m, 2H), 6.92 (d, J = 3.2 Hz, 2H), 6.89 (d, J = 3.2 Hz, 2H), 5.11 (s, 4H), 2.99-2.93 
(m, 4H), 2.75 (br, 2H), 1.80 (m, 2H), 1.56 (m, 2H), 1.36 (m, 6H), 1.29 (m, 4H), 1.18 (m, 
6H), 0.97 (d, J = 6.3 Hz, 6H), 0.88 (d, J = 6.3 Hz, 12H); 13C NMR (125 MHz, CDCl3) δ 
ppm = 149.1, 138.0, 135.7, 133.0, 131.6, 130.6, 130.4, 129.9, 127.0, 126.6, 123.9, 61.2, 
39.3, 39.1, 37.1, 32.3, 28.0, 27.9, 24.8, 22.7, 22.6, 19.5; MALDI-TOF MS: 733.431 [M - 
OH]+, 715.491 [M - Cl]+ ; Calculated exact mass: 750.310. 
1,4-Dichloro-9,10-di(4-(3,7-dimethyloctyl)thiophen-2-yl)anthra[2,3-c]furan-1-ol  
(4-17) 
PCC (9.5 mg, 0.044 mmol) was added to a solution of compound 4-30 (30 mg, 0.040 
mmol) in DCM (2 mL) with stirring at room temperature. After 5 hrs., it was found that 
there was starting material 4-30 remained. More PCC (3 mg) was then added into the 
reaction every 1 hr. until 4-30 was consumed. The reaction mixture was filtered off to 
remove the insoluble salt. The filtrate was collected and the solvent was then removed 
under reduced pressure to give a residue. This residue was separated by silica gel column 
(diluted by hexane: EA = 20: 1) to give a lactone type product 4-31 (12.6 mg, 42%) and a 
furan-1-ol type product 4-17 (3.5 mg, 12%). Compound 4-31: 1H NMR (500 MHz, 
CDCl3) δ ppm = 8.14 (m, 1H), 8.02 (m, 1H), 7.53 (m, 2H), 6.92 (m, 4H), 5.26 (s, 2H), 
2.99-2.93 (m, 4H), 1.80 (m, 2H), 1.59 (m, 2H), 1.36 (m, 6H), 1.30 (m, 4H), 1.18 (m, 6H), 
0.98 (m, 6H), 0.89 (m, 12H). 13C NMR (125 MHz, CDCl3) δ ppm = 167.6, 149.5, 149.1, 
138.6, 136.9, 136.5, 134.7, 134.3, 134.2, 133.2, 130.8, 130.7, 130.5, 130.3, 130.1, 128.3, 
127.4, 127.0, 126.7, 124.1, 123.9, 121.2, 67.5, 39.3, 39.2, 37.1, 32.4, 32.2, 28.0, 27.9, 
24.8, 24.7, 22.7, 22.6, 19.6; MALDI-TOF MS: 747.101 [M + H]+, 711.455 [M - Cl]+; 
Calculated exact mass: 746.279. Compound 4-17: 1H NMR (500 MHz, CDCl3) δ ppm 
7.98 (m, 2H), 7.46 (m, 2H), 6.89 (m, 4H), 6.61 (d, J = 5.7 Hz, 1H), 5.39 (d, J = 13.9 Hz, 
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1H), 5.13 (d, J = 13.9 Hz, 1H), 3.17 (d, J = 5.7 Hz, 1H), 2.97-2.94 (m, 4H), 1.80, (m, 2H), 
1.56 (m, 2H), 1.36 (m, 6H), 1.26 (m, 4H), 1.18 (m, 6H), 0.97 (d, J = 6.3 Hz, 6H), 0.88 (d, 
J = 7.0 Hz, 12H); 13C NMR (125 MHz, CDCl3) δ ppm = 148.6, 137.9, 137.6, 137.3, 134.8, 
133.3, 133.0, 131.5, 130.5, 130.4, 130.2, 130.0, 129.6, 127.7, 127.1, 126.8, 126.6, 126.2, 
123.7, 123.5, 101.7, 72.7, 39.3, 39.2, 37.1, 32.3, 32.2, 31.6, 28.0, 24.8, 22.7, 22.6, 19.6; 
MALDI-TOF MS: 750.205 [M + 2H]+; Calculated exact mass: 748.294. 
 
References 
1. (a) Scott, L. T. Pure Appl. Chem. 1996, 68, 291. (b) Necula, A.; Scott, L. T. J. Anal. 
Appl. Pyrolysis 2000, 54, 65. (c) Scott, L. W.; Bronstein, H. E.; Preda, D. V.; Ansems, 
R. B. M.; Bratcher, M. S.; Hagen, S. Pure Appl. Chem. 1999, 71, 209. (d) Rabideau, P. 
W.; Sygula, A. Acc. Chem. Res. 1996, 29, 235. (e) Wegner, H. A.; Scott, L. T.; Amin, 
M. J. Org. Chem. 2003, 68, 883. (f) Rice, J. E.; Cai, Y. W. J. Org. Chem. 1993, 58, 
1415. (g) Pogodin, S.; Biedermann, P. U.; Agranat, I. J. Org. Chem. 1997, 62, 2285. 
2. Wood, J. D.; Jellison, J. L.; Finke, A. D.; Wang, L.; Plunkett, K. N. J. Am. Chem. Soc. 
2012, 134, 15783. 
3. Smet, M.; Dijik, V. J.; Dehaen, W. Synlett 1999, 4, 495. 
4. (a) Bendikov, M.; Wudl, F.; Perepichka, D. F. Chem. Rev. 2004, 104, 4891. (b) 
Anthony, J. E. Chem. Rev. 2006, 106, 5028. (c) Anthony, J. E. Angew. Chem. 2008, 
120, 460. (d) Anthony, J. E. Angew. Chem. 2008, 47, 452. 
5. Mohebbi, A. R.; Yuen, J.; Fan, J.; Munoz, C.; Wang, M. F.; Shirazi, R. S. Seifter, J.; 
Wudl, F. Adv. Mater. 2011, 23, 4644. 
108 
 
6. (a) Buchhlotz, F.; Zelichenok, A.; Krongauz, V. Macromolecules 1993, 26, 906. (b) 
Yagodkin, E.; Xia, Y.; Kalihari, V.; Frisbie, C. D.; Douglas, C. J. J. Phys. Chem. C 
2009, 113, 16544. 
7. Thiemann, T.; Tanaka, Y.; Iniesta, J.; Varghese, H. T.; Pannicker, C. Y. J. Chem. Res. 
2009, 732. 
8. Leroy, J.; Levin, J.; Sergeyev, S.; Geerts, Y. Chem. Lett. 2006, 35, 166. 
9. Smet, M.; Dijk, J. V.; Dehaen, W. Tetrahedron 1999, 55, 7859. 
10. Wudl, F.; Mohebbi, A. R.; Chem. Eur. J. 2011, 17, 2642. 
11. Chi, C.; Wegner, G. Macromol. Rapid Commun. 2005, 26, 1532. 
12. Yang, B.; Kim, S.-K.; Xu, H.; Park, Y.; Zhang, H.; Gu, C.; Shen, F.; Wang, C.; Liu, 
D.; Liu, X.; Hanif, M.; Tang, S.; Li, W.; Li, F.; Shen, J.; Park, J.-W.; Ma, Y. Chem. 
Phys. Chem. 2008, 9, 2601. 
13. Cicoira, F.; Santato, C. Adv. Funct. Mater. 2007, 17, 3421. 
14. Ayres, B. E.; Longworth, S. W.; McOmie, J. F. W. Tetrahedron, 1975, 31, 1755. 




Conclusion and Future Work 
The main aim of this research was to develop soluble and stable longer acenes and n-
type acenes. The strategies of introducing of N-atoms and fusion with five-membered 
rings have been adopted to stabilize longer acenes or lower the LUMO energy level for 
potential electronics applications.  
Our work began with the synthesis of longer nitrogen-rich oligoacenes (Chapter 2). 
Large-size aza-decacenes 2-1a,b and aza-tripentancene 2-2 containing both pyrazine and 
dihydropyrazine units were successfully synthesized (see structures in Chart 5.1). To the 
best of our knowledge, starphene 2-2 represents the largest star-shaped dihydropyrazine 
fused pyrazinacene reported so far. These new compounds possess good stability and 
good solubility in common organic solvents. The concentration-dependent UV-Vis 
spectra (Figure 2.3) indicate a H-aggregation and a typical rotated cofacial aggregation 
for 2-1a and 2-2 in chloroform solution, respectively. The results of NMR, cyclic 
voltammetry (Figure 2.5) and concentration-dependent fluorescence (Figure 2.4) further 
confirm the formation of aggregates. Further oxidization of 2-1a,b and 2-2 were also 
attempted to afford pyrazinacenes with high imine N-atom density for a lower LUMO 
energy level, but was unsuccessful. It seemed that all of the reactions only produced 
partially dehydrogenated products which were difficult to purify and identify. The reason 
may be due to the high oxidation potential. A similar result was also reported by Ariga’s 
group.1 The introduction of other electron-withdrawing groups is therefore necessary to 









































2-1a  R2 = H





Chart 5.1 Structures of aza-decacenes 2-1a, 2-1b and star-shaped aza-tripentacene 2-2. 
In the following work, we incorporated five-membered rings into a pyrazinacene 
(Chapter 3). The planar alkylated bisacenaphthopyrazinoquinoxaline (BAPQ) 3-2, and 
non-planar BAPQ derivatives 3-3 and 3-4 (with peri-substituted phenyl groups) were 
prepared by using acenaphthlyenequinones (see structures in Chart 5.2). During the 
synthesis of 3-2, a route was developed to first obtain the symmetric dialkylated 
acenaphthylenequinone 3-1. The symmetry of 3-1 can control the regularity of further 
products, which is crucial in achieving an ordered packing in the solid state. Although 
compound 3-2 is attached with four aliphatic chains, its solubility at room temperature is 
still poor. As a contrast, the much better solubility of compounds 4-3 and 4-4 
demonstrates that the peri-substitution with bulky functional groups is a more efficient 
way to improve the solubility of those highly aggregated pyrazinacene compounds. 
Owing to the four cyano groups, compound 3-4 shows a very low-lying LUMO energy 
level (-3.78 eV), improved LUMO distribution (Figure 3.6c) and reduced inner 
reorganization energy.2 An n-channel field effect mobility of 0.005 cm2·V-1·s-1 in 




































Chart 5.2 5,6-Ditetradecyl acenaphthylenequinone 3-1 and BAPQ derivatives 3-2 to 3-4. 
The electron mobilities of reported n-type aza-acenes (see structures in Chart 5.3) 
films are summarized in Table 5.1 with our newly developed 3-4 as a reference. Most of 
them show no n-channel FET activity in air, and they were all measured from vacuum-
deposited films except for 1-38b. The solution-cast films of 1-38b exhibited an electron 
mobility of only 0.003 cm2V-1s-1 in nitrogen gas (no FET activity in air), although the 
mobility could be up to 3.3 cm2V-1s-1 when it was measured from the vacuum-deposited 
films in nitrogen gas. This work has given us the incentive to further optimize the 
molecular structure of 3-4 and device fabrication for an aza-acene based n-type 
semiconducting material with a better mobility performance and air-stability. BAPQ 
derivatives 5-1a to 5-1c and 5-2 (Chart 5.4) are good candidates for future work. More 
specifically, 5-1a and 5-1b are designed for the OFETs fabricated by vacuum-deposition 
technique, 5-1c for a denser packing, and 5-2 for a larger packing area. 
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R1 = R2 = R3 = R4 =H
R1 = R4 = H; R2 = R3 = Me
R1 = R4 = H; R2 = R3 = OMe


















































Chart 5.3 Reported n-type (including ambipolar) aza-acene derivatives. 





Electron mobility μ / cm2V-1S-1 
In air In N2 / Ar / Vacuum
1-363 vacuum-deposited - 0.03 
1-37a to 1-37d4 vacuum-deposited - 10-8 – 10-6 
1-38a5 vacuum-deposited 0.001 0.3 – 1.1 
1-38b5 vacuum-deposited 0.3 – 0.5 1.0 – 3.3 
1-38b5 solution-cast - 0.003 
1-39a6 vacuum-deposited - 0.15 
1-39b6 vacuum-deposited - 0.09 












5-1a: R = H
5-1b: R = t-butyl
















Chart 5.4 Proposed n-type BAPQ derivatives based on 4-3. 
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In Chapter 4, we explored the new chemistry of acene. Soluble and stable cis-
emeraldicene 4-1 and its extended derivative 4-2 were successfully synthesized (see 
structures in Chart 5.5). They have significantly improved photostabilities compared to 
their counterparts, anthracene and tetracene, respectively. Due to the intramolecular 
charge transfer character, compounds 4-1 and 4-2 both possess a lower LUMO energy 
level and a narrower band gap. The measured HOMO energy levels are -4.88 eV for 4-1 
and -4.71 for 4-2, and LUMO energy levels are -3.42 eV for 4-1 and -3.70 eV for 4-2, 
respectively. This front orbital property suggests considerable potential in ambipolar 
applications. However, compound 4-2 still suffers from a low synthetic yield, which can 
be improved in future work. Based on the success of the emeraldicene derivatives 4-1 and 
4-2, a new synthetic route was proposed and attempted to explorer a novel persistent 
nonacene derivative 4-3 stabilized by fusing with five-membered rings. The synthesis was 



















4-1 4-2 4-3R = 3,7-dimethyloctyl  
Chart 5.5 Structures of cis-emeraldicene and its longer derivatives. 
The lower LUMO energy level, narrow band gap (~1.0 eV) and improved 
photostability of 4-2 make the longer extended cis-emeraldicene derivatives interesting. 
The pentacene based 5-3 and 5-4 (Chart 5.6) are therefore proposed as targets for future 
work. The strategy of externally fused five-membered ring is also worthy to be utilized to 
stabilize the large two-dimensional π-systems, such as bistetracene (5-5). The dibromide 
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compound 5-6, based on cis-emeraldicene 4-1, is a suitable monomer to construct 






















R 5-6  
Chart 5.6 Proposed cis-emeraldicene derivatives 5-3 to 5-6. 
In summary, the findings in this thesis have contributed to the general area of acene 
chemistry and the design of novel organic semiconducting materials. The newly 
developed compounds service to give a more complete picture of the structure-property 
relationship of acene in the search for new semiconductor candidates.  
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